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ABSTRACT
Urban environments sit at an intersection of technology, resource consumption, population,
culture, and economics. With an increasingly urbanized population across the globe comes
an increased demand for resources including water, food, and energy. The study of resource
consumption in cities and urban environments, therefore, offers potential for conservation
and efficiency increases. Water resources are integral to the necessary functioning of the city
and its future sustainability. Not only are water resources directly procured and utilized
within the city, water is also consumed in the production of other resources, including food
and energy. However, these direct and indirect water resources of cities are understudied,
with data that are scattered and inaccessible, if they exist at all.
This dissertation utilized the principles of the food-energy-water nexus, urban water, ma-
terial flow analysis/urban metabolism, and urban water governance to discuss the magnitude
and importance of water resources in the urban environment. Open data and data avail-
ability played an integral role throughout the analysis. First, the availability of direct water
volume (drinking water and wastewater) and its embedded energy data were discussed. The
lack of existing data prompted the use of open records requests to build a database of urban
water and energy data for cities across the United States. The collected data were then
evaluated to quantify the state of the urban energy-water nexus. Additionally, the informa-
tion from this database was compared to other material flows and their water footprints to
characterize the extent of direct and indirect water resources in cities. Following the quan-
tification of water resources and their impact in cities from a civil engineering framework,
statistical modeling was completed to identify indicators of urban water use considering so-
cioeconomic and environmental factors. Finally, through these studies, the underlying theme
of open data in water resources was discussed in its relationship to governance regimes. The
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role of open data in sustainable urban water governance revealed a path forward for policy
and future data publication to promote sustainable water systems and the concept of the
blue city.
In summary, this dissertation both quantifies the magnitude of water resources in cities
throughout the United States and promotes the need for further open data. The resultant
databases of water and wastewater utilities represents a service population of over 80 million
people. The annual embedded energy within national water and wastewater resources was
estimated to be 1% of total electricity produced in the United States. Additionally, non-
revenue water, estimated at 16% of total treated drinking water, contributed to a significant
amount of both water and energy loss. Data for indirect water resources were even more
scarce and require a shift in urban water governance to create opportunities for greater
data collection and synthesis. The overall results promote greater understanding of the
urban water cycle through data collection of direct and indirect water resources, inclusion
of embedded energy at the urban scale, and the need for a social sciences perspective when
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The very sustainability of cities and the practices of everyday life that constitute
the urban are predicated upon and conditioned by the supply, circulation, and
elimination of water.
–Erik Swyngedouw (2004) [1]
Cities, or urban environments, sit at an intersection of technology, resource consumption,
population, culture, and economics. Within this intersection, there lies opportunity for
action in generating a sustainable environment. With most of the world’s population now
residing in urban environments [2], the impact of the human species on the planet’s ecology
now centers on population-dense cities [3]. Cities are open systems relying on the surrounding
ecosystem, or hinterlands, to provide resources and dispose of waste [4], and they are central
nodes in global flows of these resources and wastes [5]. Studying a city as an individual
entity with respect to its resource consumption, as opposed to a national or regional scale,
reflects the population at a greater resolution [6]. The relatively small geographical footprint
of cities is juxtaposed against a large ecological and economic footprint. Cities are critical
nodes in flows of material, handle a majority of the global gross domestic product, and
are responsible for approximately 75% of global final energy and greenhouse gas emissions
[7, 8]. Water resources are integral to the sustainability of an urban system [9, 10], with
understanding human modifications to the water cycle important for determining water
scarcity [11].
Cities, especially those in the United States, have been thrust to the forefront of the fight
against climate change with the U.S. federal government’s reluctance to acknowledge human
impact on the environment and a withdrawal from the Paris Climate Accords [12]. This
political decision is contrary to a predominant trend in academic literature that considers
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a new ecological paradigm rejecting the notion that humans are exempt from ecological
constraints [13]. The paradigm derives from sociological studies on environmental pollution,
resource scarcity, and their impacts on society at large [14–17]. The United Nations’ Local
Agenda 21 furthers the discussion of climate action and sustainability on a local scale,
encouraging a rescaling of policy from the national or international level [18–20]. This
rescaling of policy in sustainability aligns with the predominantly local management of water
resources through municipal water utilities. Therefore, urban environments provide the ideal
laboratory for the study of water resources within the context of sustainability by promoting
urban water conservation and efficiency for the rise of blue cities. The blue city moniker,
devised here, requires a comprehensive look at the urban water cycle from both direct and
indirect resources:
A blue city promotes policy, public awareness, and economic efficiencies of water
resources to provide equitable, secure, and sustainable water systems. These
water systems consist of both direct water resources in the form of drinking
water, wastewater, and stormwater (and their embedded material requirements,
such as energy), while also considering water as an embedded resource in other
material fluxes (food, energy, and other materials). The blue city considers the
greater impacts of its water resource demands and how its citizens are provided
these resources, by way of energy and emissions, through an openness of data
and sharing of information.
The blue city is derived from discussions on the green city, which can refer to the lit-
eral greening of the city in terms of trees or green spaces, but more commonly refers to a
sustainable and resilient city that embraces renewable energy, efficient public transit, inno-
vative waste treatment, affordable housing, walkability, etc. [21–23]. Along this vein, a blue
city provides a sustainable environment through management of direct and indirect water
resources and promotes open data on water resources. Just as the color green is the combi-
nation of two primary colors (blue and yellow), the blue city is a component of the overall
green city initiative with a focus on water resources conservation and efficiency. How can
research foster a sense of competition towards the sustainability trend already evident across
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the world [24–26], with more focus on the integral operations and conservation of direct and
indirect water resources?
Sustainability metrics are often unitless and relative, depending on the variables and
methodology; therefore, it is difficult to compare results of assessments across metrics. Cur-
rently, there is a lack of a unifying framework for comparing cities [10]. These difficulties
necessitate the use of comparative sustainability studies to define a relative metric based on
comparisons between a large breadth of case studies. Noiva et al. [27] conducted one such
study for international water consumption values, concluding that there is a need for more
comparative sustainability studies. The confluence of water, urban environments, and the
growing desire for sustainable operations motivates research to study multiple cities to com-
pare and contrast the different urban water cycles across the United States. Understanding
and quantifying of urban water resources begins with data availability; therefore, the blue
city framework and its emphasis on open data is essential to further comparative analyses of
cities. This dissertation utilized a holistic approach in studying the urban water cycle with
urban metabolism and embedded resource accounting. The study of water and embedded
resources by themselves is not novel; however, the application of these concepts at the city
scale with a large number of represented cities is necessary, unique, and fills a knowledge
gap in the literature.
This dissertation builds on four major research areas: (i) urban water data, (ii) the food-
energy-water nexus (specifically, the energy-water nexus), (iii) urban metabolism, and (iv)
urban water governance. Chapter 2 discusses each of these focus areas to provide the neces-
sary background for the research. These areas of study provide the basis for answering the
following five research questions, answered in Chapters 3 through 7.
1. What data are required to describe the urban water cycle and where can
they be found?
Chapter 3 focused on the existing lack of urban water data and builds a new database
of drinking water and wastewater utilities. Using open records requests (ORR), treated
water volume and its embedded energy were collected from across the United States.
Results of the study showcased the challenges of collecting data using open records
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requests. Additionally, the data collected in this study directly informed and were
utilized by each of the next objectives.
2. What is the current state of U.S. urban energy-water nexus?
Energy-for-water is an important component of the energy-water nexus and the ur-
ban water cycle. Chapter 4 analyzed urban water and embedded energy data on an
annual and monthly scale to identify geographical and temporal trends of the urban
energy-water nexus. Continuing the data collection efforts from Chapter 3 and utilizing
an urban metabolism perspective, average per capita drinking water and wastewater
fluxes were defined and revised national numbers of embedded energy in urban water
resources were tabulated. Additionally, these data were published online in an open-
access database to further energy-water nexus research and promote a new era of data
access and sharing.
3. How do the direct and indirect components of the urban water cycle com-
pare across U.S. cities?
Chapter 5 quantified and compared the direct and indirect water footprints of urban
environments within the context of the food-energy-water nexus. Combining data from
the United States Census Bureau (USCB), United States Department of Agriculture
(USDA), United States Department of Transportation (USDoT), and virtual water
research, the indirect water footprints of cities (considering food, fuel, and electricity)
were calculated. These water footprints were evaluated across the country through
network analysis and compared to their local direct water footprint. Additionally,
a subsequent layer of analysis was conducted to calculate the embedded energy and
emissions within both direct and indirect water resources.
4. How have the material demands of cities changed over the past 50 years
and what data exist to quantify this change?
In a seminal study from the 1960s, Abel Wolman estimated the metabolism of a typical
U.S. city of one million people. Since that time, the field of urban metabolism has
expanded globally and refined its techniques. However, there have been very few
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studies since then of U.S. cities. Using a macroeconomic database of domestic material
flows from the USDoT and data collected in Chapters 3 and 4, Chapter 6 revisited
the metabolism of U.S. cities. Additionally, the methods were expanded to include
the embedded energy of materials necessary to facilitate the metabolism of urban
environments.
5. How do social, economic, environmental, and infrastructure factors indicate
the use of urban water resources?
There have been a variety of studies that attempt to identify indicators of water use,
particularly at the residential scale. However, these data are often scarce, temporally
constrained, and restricted by privacy concerns. Using the data collected in Chapters 3
and 4, these regression models of residential households were scaled to inform variations
of urban water flux at the city-level. The results of Chapter 7 informed the viability
of top-down versus bottom-up methods for water resources management.
These questions identify central components of urban water, both direct water and in-
direct water, to support the overarching research goal of understanding water demands of
urban environments across the United States to promote sustainable policy in an effort to
transition towards the blue city. While this work is inherently interdisciplinary and spans
across multiple fields of research, these questions were answered from a civil engineering
perspective. An engineering perspective was important in merging these fields due to the
inherent quantitative nature of the research and a need to understand the fundamentals of
both direct water infrastructure (drinking water and wastewater) and indirect water demand
(food-energy-water interactions).
These five research questions and corresponding chapters supported the overarching re-
search goal of understanding both direct and indirect water resources. However, to translate
these research statements into actions and policy, it was necessary to understand the so-
ciotechnical nature of the urban system and its mechanisms of transitions and governance.
Chapter 8 discussed the process of urbanization and its myriad of socioecological transfor-
mations [28–31], requiring management or governance structures that align to principles of
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sustainability and long-term resource security. Beyond the standard direct water require-
ments, there is water consumed along the supply chain of materials imported into the urban
environment, most notably food, fuel, and electricity [32], often called a water footprint
[33, 34]. Water management and water conservation have become complex sociotechnical
systems [35, 36], requiring sustainable governance systems to incorporate all social actors
and integrate across geographical scales [1].
A shift to include indirect resources in the urban water cycle further expands the actors
of the sociotechnical system. Urban water governance studies examine change to the broad
socioinstitutional and sociotechnical regime of the current status quo of urban water systems.
These water systems require a shift to a more flexible and sustainable policy and emphasize
interactions across the various structures and processes [37, 38]. The existing literature
widely cite transparency and accountability in the form of information and knowledge as
essential pillars in sustainable urban water governance [39–42]. To this end, Chapter 8
discussed and further defined the blue city as a motivational moniker within urban water




Understanding the full urban water cycle to include both direct and indirect water re-
sources required an understanding and engagement with multiple research fields. This back-
ground section summarizes the key principles of the four major research fields that motivate
this work. (1) Urban water data were scattered and scarce, creating a large knowledge gap
for a major user of water resources across the country. (2) The food-energy-water nexus
provided an opportunity to understand the indirect water and energy consumption embed-
ded within the urban environment. (3) Urban metabolism viewed the city as an organism
requiring inputs and discharging waste, creating a framework for evaluating material flows.
(4) Urban water governance provided the foundation for envisioning the blue city and un-
covering challenges in transitioning the urban water sector. The interdisciplinary nature of
this research required a synthesis of literature across water resources and the urban envi-
ronment to identify knowledge gaps associated with systems-level water resources in urban
environments.
2.1 Urban Water and Data
Water resources have an extensive collection of publicly available data sets at the national
level, not so on a utility scale. Public water supply accounted for 12% of total U.S. water
withdrawals in 2010 [43] and in 2015 [44]. As water stress continues to increase and climate
change affects the global distribution of water resources [45], it is important to account
for this portion of water. Accounting for this public water supply is a challenge as water
utilities often do not make their usage data public, necessitating the use of time-consuming
open records requests for obtaining these water data (Chapters 3 and 4). Gleick [46] cites
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this lack of data and a resulting benchmarking tool as a critical barrier for informing long-
term policy of sustainable water management. While water is generally a local resource,
it is increasingly global in scope due to resource sustainability concerns, population growth
and shifts, and interbasin water transfers, direct or virtual [e.g., 47]. There is a significant
literature and data gap associated with cataloging, analyzing, and benchmarking the flux of
water and its associated embedded energy through urban environments in the United States.
The United States Geological Survey (USGS) compiles two major data sets: Water Data
for the Nation and the National Water Use Information Program as part of the National
Water Census. The USGS Water Data for the Nation is an inventory of surface water and
streamflow gauges across the country with many properties having near real-time collection
[48]. The National Water-Use Information Program is a county level inventory of water
resource consumptions occurring every five years [49]. However, county level inventories
only account for water resources that are withdrawn from within the given footprint; the
study does not account for intercounty water transfers such as those in major metropolitan
areas of New York City, NY, or Los Angeles, CA. At a state level, the California State Water
Resources Control Board (WRCB) provides some data regarding water utilities; however,
the level of data does not include treated wastewater or considerations of the energy-water
nexus [50].
Additionally, the American Water Works Association (AWWA) provides an annual bench-
marking tool for water utilities. This benchmarking tool ranges from operational to employee
data, including energy consumption data at a utility level [51]. However, these data are not
freely available nor does the tool provide data at the individual utility level. Data are ag-
gregated based on responses from surveys and provide coarse estimates at high levels of
variance. These types of data are a start towards understanding the urban water cycle and
benchmarking for sustainability, but they fall short in terms of a national-scale database.
Another non-governmental organization is Circle of Blue, which does an annual survey of
water utility pricing for major cities across the United States [52]. While this survey is a
relatively comprehensive study, it focuses on the price of water rather than the physical
volumes of water at the utility-level.
The urban water cycle includes rainfall, drinking water imports, water loss, water ab-
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straction, wastewater discharge, and stormwater runoff. Figure 2.1 shows these generalized
fluxes of water through the urban environment and the multiple interactions of energy with
the urban water cycle. Figure 2.1 also indicates water loss (non-revenue water) before being
utilized in the urban environment—non-revenue water—and the embedded energy lost as
a result. The AWWA and International Water Association define two categories of water
losses: apparent and real losses [53]. Apparent losses are due to meter inaccuracies, data
errors, and unauthorized consumption; this water is not properly measured, accounted, and
paid for. Real losses are the physical losses of water due to leakage, high pressure, or storage
overflows that never reaches a consumer. Combining these two losses into a singular cate-
gory defines non-revenue water (NRW) [54]. These definitions replaced the often-used term,
‘unaccounted-for water,’ which varied in calculation across the world, misleading research
and results. Non-revenue water provides an important layer of understanding to the flux of
water in the urban water environment and has significant implications in water savings [55].
Thornton et al. [56] estimated that, on average, U.S. water distribution systems lose 16%
of their total treated water. Self audits reported to the Texas Water Development Board
in 2014 by utilities in Texas reveal a slightly lower percentage at 12.5% loss [54]. Globally,
the International Benchmarking Network for Water and Sanitation Utilities estimates that
global non-revenue water percentages are closer to 30% [57], with conservative cost estimates
of this non-revenue water at $14 billion annually [58].
One example of a national database that provides a comprehensive look at a utility scale
is the United States Department of Energy’s Energy Information Administration (EIA).
The EIA provides data for power generation, energy pricing, and energy consumption [59].
In addition, the EIA crosses the boundary into the energy-water nexus by including water
consumption and withdrawal statistics for individual thermoelectric power plants [60]. Com-
pared to what is available for energy, the resolution and scale of water utility data are lacking.
The lack of a comprehensive utility data set for water resources similar to energy utilities
leaves a significant knowledge gap as national level comparisons and an understanding of
the energy for water requirements continue to gain attention in advancing the sustainability
and resilience of water supply and treatment. This dearth of data associated with urban





















Figure 2.1: The urban environment receives water resources input from both rain and
drinking water, discharging both stormwater and wastewater to the environment, with the
potential for water reuse to push the linear system towards a cycle (shown with a dash-dot
line). Orange arrows entering water flows indicate embedded energies within the system.
Dashed lines for stormwater runoff and rainfall indicate flows that are generally excluded
from the anthropogenic focus of the study.
2.2 Food-Energy-Water Nexus
The food-energy-water nexus highlights the growing global competition for water resources
for direct consumption, food production, and energy production [61]. Within this nexus,
there are tradeoffs between these resources that impact the environment, economy, and
society. Figure 2.2 shows a few of the interdependent relationships between the competing
resources. Within this nexus framework, the concept of embedded resources (or indirect
resource consumption) provides a means of understanding the interactions of the resources.
Indirect water and indirect energy consumption are two of the major themes throughout this
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dissertation. Indirect water in food resources carries important implications for food and
water security [33, 62]. These embedded water resources in food sources provide a means to
assess the water exports and imports of water stressed locations, creating opportunities for
globalized redistribution of water resources. Embedded water resources are often referred
to as virtual water. Virtual water was a concept developed in the 1990s to assess water
consumption of a product through its life cycle [63]. Research on virtual water has since
expanded this understanding to further define blue, green, and grey water footprints of a
product [33, 34]. Blue water footprints refer to consumed surface or groundwater resources,
while green water footprints refer to direct consumption of rain water. Grey water footprints

















Figure 2.2: The food-energy-water nexus highlights the interdependencies of essential
resources and their competition for freshwater resources.
Using these definitions, virtual water research have paired water footprints with product
movement to assess virtual water of global food trade [47, 64], country-level food transfers
[65], and regional water footprints associated with aquifers [66]. Additionally, previous
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studies have compared countries or regions within global virtual water trade [67, 68], analyzed
the network properties of virtual water trade [47, 64, 69], and quantified urban reliance on
aquifers [66]; however, only a few studies have discussed water footprints at an urban scale
[70–73]. These studies of indirect water consumption have also included water footprints of
other goods such as construction materials, lumber, and rubber [e.g. 74–76].
A subset of the broader food-energy-water nexus, the energy-water nexus, particularly
focuses on the bidirectional relationship of energy and water resources. The energy-water
nexus generally consists of two components and their associated impacts: energy-for-water
and water-for-energy. Water-for-energy evaluates the indirect water consumption associated
with both primary (fuel) and secondary (electricity) sources. Indirect water resources are
associated with electric power generation and fuel extraction [77–86]. Recent work has
expanded the water-for-energy literature to quantify water consumed for hydroelectric power
generation [87–91]. The water required for electricity has been extensively studied at a basin,
regional, or national scale [79, 91–99] and across the globe [e.g. 87, 100–103]. Also, multiple
studies have evaluated the water demands for electricity production based on cooling type,
fuel, etc. [77–81, 85, 96, 104, 105].
The other component of the energy-water nexus describes the dependence of water re-
sources on energy (primary and secondary) consumption. Drinking water and wastewater
utilities rely upon energy resources to collect, treat, and distribute/discharge water resources.
The embedded energy in water resources is a critical component of water resource resilience
[106]. Recent studies of the energy-water nexus in the urban environment focus primarily
on drinking water resources [27, 107, 108]. However, to provide a full picture of water and
energy in the urban environment, it is necessary to also understand corresponding wastew-
ater discharges. Several studies have previously categorized the total energy for water use
in the United States with estimates ranging from from 4-16% of total U.S. energy demand
[109–111]. The variations in these estimates are based on the inclusion of residential water
heating and the inclusion of energy for direct steam usage. James et al. [112] estimate that
pumping and treatment of water requires 2-3% of the world’s energy. A more recent study
estimates energy consumption for water at closer to 1-2% of total energy consumption in
the United States and 1.7-2.7% globally [113]. However, these studies utilized limited pri-
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mary data to extrapolate energy usage and do not concurrently assess water fluxes. With a
greater number of cities implementing water reuse strategies and turning to energy-intensive
treatment practices, such as desalination, the energy-for-water requirement is projected to
increase [113].
2.3 Urban Metabolism/ Material Flow Analysis
Material flow analysis (MFA) is a resource accounting method [114] that focuses on three
goals: (i) the analysis of material flows and stocks, (ii) evaluating the importance of these
stocks and flows, and (iii) the analysis of flows with respect to goals [115]. MFA is a
complementary tool and should be interpreted as part of sustainability goals, environmental
standards, or environmental impact assessments [115]. Additionally, MFA is an important
tool for the assessment of material consumption trends of a system due to its ability to
disaggregate data and quickly identify economic characteristics [116, 117]. MFA is utilized
to evaluate the water metabolism of cities across the United States due to its position as an
important educational and communication tool [115] and its relevance to describing socio-
environmental interactions in support of informing policy and action [118–120]. The study
of urban metabolism is principally an application of material flow analysis (MFA) to the
city-scale [121].
The concept of urban metabolism originated in the 1960s by Abel Wolman [122] to quantify
water and energy flows through a hypothetical city of one million people, focusing on three
metabolic problems: (i) water supply, (ii) sewage disposal, and (iii) air pollution. These
problems have since expanded in scope with a focus on material balances [123] and embodied
energy or ecological footprint concepts [124]. Kennedy et al. [125] define urban metabolism
more broadly as the total volume of social, economic, and technical processes within an
urban environment, contributing to imports, growth, and waste production. Therefore, an
urban metabolism framework considers both upstream and downstream influences [114].
Additionally, the parameters of urban metabolism generally satisfy the selection criteria for
sustainability indicators [126, 127]. Urban metabolism is a useful approach for recognition
of problems, setting priorities, and policy- and decision-making [115]. Measures of urban
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metabolism are necessary to address resource concerns within the context of global resource
flow [128]. Studies of urban metabolism have shifted from a methodological development in
its initial form to an analysis of trends and classification of urban areas [129–131].
Using MFA, studies have tabulated the urban metabolism of cities across the globe from
Hong Kong to Sydney to Toronto [132–134]. Many of these studies determine that water re-
source fluxes through the urban environment dominate and comprise approximately 90%, by
mass, of all flows [10, 122, 135]. Rainfall, Figure 2.1, is rarely included in urban metabolism
studies; however, its inclusion would lead to water dominating urban metabolism to an even
greater extent [136]. These studies often evaluate one city at a specific point in time. Some
studies do evaluate cities temporally, across multiple years, [e.g., 125], showing an increasing
urban metabolism; however, there are no temporal studies of metabolism within a given year
(seasonal analyses). Additionally, according to Kennedy et al. [127] and Zhang [137], there
are relatively few studies that have characterized the urban metabolism of cities in the U.S.
[135, 138–144].
What constitutes a sustainable urban metabolism? Current speculations on sustainable
urban metabolism require a decrease in energy, water, and material flux over time regardless
of population increases [9]. However, this definition focuses specifically on the physical and
direct material flows of an urban environment. An understanding of indirect or embedded
resources in a city’s metabolism is suggested as a necessity in advancing to the second
generation of urban metabolism studies [124]. A few studies combine the energy-water
nexus and urban metabolism [10, 145, 146], but they do not extend the embedded energy
to other materials. Finally, a lack of available data leads to urban metabolism studies that
focus on a singular aspect or material flow in an urban metabolism study [116]. An approach
to urban metabolism that only considers a single sector of materials is inadequate [5]. To
understand the role of water in the city, it is necessary to study the flows of energy and all
materials entering the city [147].
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2.4 Urban Water Governance
Water institutions are embedded within the existing social, cultural, and political struc-
tures of the environment [148], creating socioecological and sociotechnical systems, and ne-
cessitating a holistic governance perspective. Urban water governance has a rich literature
base that started as a largely theoretical perspective [149], but has an increasing number of
practical studies [e.g. 150–153]. Water governance is a collective set of policies or actions
with diverse actors all towards a common goal [154]. Governance of water resources is dis-
tinguished from government or management as they indicate a specific actor [155]; however,
they are not separate matters as good governance enables the proper application of man-
agement tools within a government structure [39, 156]. Research and implementation of
urban water governance must steer away from a sole focus on technological advancements
and include a focus on the socio-institutional perspective [157]. As part of this social focus,
water resource governance requires:
 a system perspective,
 inclusion of social actors,
 transparent, accessible, efficient, and responsive discourse and analysis, and
 a comprehensive understanding of water sustainability [155, 158–161].
This analytical approach to water resources governance does not constrain management
and policies to a limited focus of water infrastructure or the ecosystem and, instead, broadens
the discussion of water resources management to include societal stakeholders [155]. Transi-
tions research is a governance approach to evaluate a portfolio of tools and their impact on
change towards sustainable development [162]. Under this transitions framework, there are
multiple studies on urban experimentation that evaluate the introduction of various poli-
cies and programs towards sustainability objectives [163–170]. Often transition literature
references the goal of achieving a more sustainable sociotechnical regime that emphasize an
adaptive framework with flexible and inclusive practices that empahasize experimentation
[171–173]. The ultimate goal of transitions management and urban water governance is
to create better water regimes that optimize social and economic welfare in an equitable
fashion, support long-term resource sustainability, and promote ecosystem integrity [155].
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The approach allows for and encourages a broader definition of urban water to provide a
comprehensive understanding of water sustainability including direct and indirect resources.
Traditional urban infrastructure is a large-scale and centralized process operating in a rigid
regulatory framework with efficiency and expansion as the key management techniques [38].
Transitioning these existing urban water systems to a more sustainable urban governance
regime is often hindered by multiple barriers or institutional inertia [174, 175]. External bar-
riers include economic, environmental, institutional, political, regulatory, and infrastructural
challenges that slow change towards sustainability [176]. These barriers are characteristics
of the current sociotechnical regime of urban water management and often fall into the insti-
tutional, policy, and legal areas [177–180]. There have been many attempts in the literature
to identify barriers of transition [e.g., 181, 182]; however, relatively few studies have focused
on enabling factors for overcoming this institutional inertia [152].
The institutions that govern material flows and indirect water resources are decentralized
and driven largely by economic forces. However, that does not preclude them from similar
barriers to sociotechnical transitions. For instance, there are political and institutional
barriers associated with implementing food waste or green energy programs, which both
lower indirect water demands. Social learning/experimentation and adaptive management
are two major fields in the literature that are often suggested to overcome institutional
inertia. Social learning utilizes experimentation, as discussed in the previous section, to
overcome system barriers and further the restructuring of sociotechnical regimes towards
regimes of sustainability [150, 152, 172, 183, 184]. In any setting predicated upon learning,
there is a need for robust data to inform and dictate the system. Data provide a necessary
means of benchmarking system performance in overcoming institutional inertia as continuing




THE CURRENT STATE OF WATER DATA
The greatest challenge in constructing an urban metabolism model is to set up
a system that can be efficiently analyzed with available data.
–Halla Sahely, et al. (2003) [134]
The study of the urban water cycle through the lens of urban metabolism and the energy-
water nexus provides opportunities for comparing and analyzing urban environments and
their water systems to promote best management practices and sustainability. Data col-
lection is a critical step in the process of material flow accounting, the essential method in
urban metabolism [115]. Unlike energy data sets through the United States Department of
Energy’s Energy Information Administration (EIA) [59], no comprehensive nationwide data
set of water utilities exists. This deficit presents a barrier to nationwide water research and
limits studies to individual local utilities or regional studies. This study provides insights
into the challenges associated with creating a national water and wastewater utility data set
for studying the urban water cycle.
The urban water cycle is not limited to the consumption of water resources. The energy-
water nexus describes the interaction of water and energy resources with water needed for
thermoelectric power generation or fuel refinement and energy needed for water treatment
and distribution. Water treatment for both potable water and wastewater requires a signif-
icant portion of the United States’ generated electricity, around 4-16% of total electric con-
sumption depending on the inclusion of heating water [109–111]. Additionally, Wisniewski
[106] names energy reliability as a critical component of resilience in the urban water supply.
Therefore, the understanding of energy for water is a critical component of the urban water
This chapter was based on work published as: Chini, CM and Stillwell, AS (2017) Where are all the
data? The Case for a Comprehensive Water and Wastewater Utility Database. Journal of Water Resources
Planning and Management, (143)3.
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cycle, with no water utility data set complete without the cataloging of energy consumption
or, in the case of wastewater, energy generation.
3.1 Collecting New Data
Open records requests (ORR) through each state’s version of the federal Freedom of In-
formation Act (FOIA) provide an essential means of data collection for researchers and the
public. The ability to request public records is an essential part of the democratic govern-
mental process [186]. This study utilized the open records request process for water utilities
across the country to evaluate data collection and availability. Through a standard form,
a consistent set of data were collected, with clarification provided upon request. The text
included in each utility’s records request is included in Appendix A. A single year’s worth
of data from both water and wastewater utilities in major urban areas across the country
were requested. The open records request process was necessary due to the large number of
utilities involved in the study. It was not feasible and often not possible to find a personal
contact via utility websites to obtain records without this formal channel. However, the
formal process was dropped upon request of the utility if it was easier and/or beneficial to
provide data in the informal setting.
Urban environments and their respective utilities were selected based on several require-
ments. The goal of the data requests was to obtain a spatially diverse and comprehensive
data set from urban environments; therefore, major cities in each of the fifty states within
the United States were the focus. The selected cities had populations greater than 100,000,
unless the state does not have a city reaching that threshold; in which case, the largest
city(ies) in the state for inclusion in the study were investigated. Not every city with a
population of over 100,000 people was included within the study. The goal was to assemble
a robust database and sample size for the urban environment in each state, and the requests
tended to align with metropolitan statistical areas in each state, as defined by the U.S. Cen-
sus Bureau.. The approach resulted in 112 targeted cities across the country, see Figure 3.1.
However, due to varying operational jurisdictions some cities required two different open
records request: one to the operator of the water treatment facilities and the other to the
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wastewater utility district.
The goal to utilize urban metabolism and energy-water nexus principles in studying the
urban water cycle shaped the open records requests to focus on overall water volumes and
energy for water data, excluding, to an extent, water quality considerations. Data requests
from each utility asked for daily operational data for treated flow in gallons, electricity
consumption in kWh, and natural gas consumption in therms. Additionally, for wastewater
utilities, the request included biogas generation in therms. Each data request included the
caveat that weekly or monthly data were sufficient if daily data were not available. Finally,
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Map of United States Cities
Receiving Data Requests
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Figure 3.1: Data were requested for cities in each of the 50 states and tended to align with
metropolitan statistical areas (MSAs) as defined by the U.S. Census Bureau
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3.2 Challenges of Creating a Database
Evaluation of the data collection process began with initial communication attempts
through final receipt of the data. There were three categories of evaluation for the study: (i)
communication, (ii) data availability, and (iii) data accessibility. The communication section
discusses the process of initiating contact and requesting data and its associated challenges.
In data availability, a discussion of the issues that arise from a non-standard data collection
process is provided. Data accessibility references the ability of researchers and other entities
to obtain the data. Through the writing of this chapter, data from 130 drinking water or
wastewater utilities were received. The responses represented a population of over 50 million
people from both drinking water and wastewater utilities. Chapter 4 further summarized
the findings of the database, which was expanded in both responses and requests between
the writing of the two chapters.
3.2.1 Communication
To contact utilities, requests were sent through various modes of communication, including
standard mail, social media, phone calls, email, and online request forms. Mailing addresses,
phone numbers, or social media accounts are often available through utility company’s web-
sites, though are sometimes difficult to find. A total of 223 water or wastewater utilities
in 112 different cities were contacted multiple times through various forms of media over 8
months. Of these utilities, 97% of the utilities were public with the remaining 3% as private
utilities (all drinking water). At the time of writing, 130 utilities responded to the data re-
quests. These responses represented a response rate of 58%, with no responses from private
utilities. Figure 3.2 shows the response rate of the drinking water and wastewater utilities.
Wastewater utilities had a much higher response rate than that of drinking water utilities.
Communication was a significant barrier to the data collection process. The time-consuming
process of scouring utility websites, finding the appropriate contact person, and receiving the
data often took multiple back-and-forth conversations via email, telephone, or both. Usually,
the FOIA officer was a city-level position who then had to relay requests to the appropriate
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department and served as the middleman for the data acquisition process, further complicat-
ing the communication barrier. This communication barrier is an opportunity to standardize
































Figure 3.2: Wastewater utility responses compared with drinking water utility responses;
wastewater utilities provided more responses at a daily temporal resolution for both water
and energy; water flow reporting was more likely than energy reporting to occur at the
daily time scale; N/A = utility responses omitting either flow or energy data.
3.2.2 Data Availability
Data availability references the issues that arise from a non-standard data collection pro-
cess. During personal communications with several facilities, the discussion arose about the
ready availability of data from remote sites such as pump stations. Many utilities cited
the large number of pump stations in remote locations, all operated on separate accounts
and not in direct purview of the contact, as a challenge in procuring the requested data,
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specifically energy data. Additionally, some utilities responded to data requests with non-
digitized energy data documentation (e.g., copies of monthly energy bills), suggesting that
energy bills are paid by the water utility’s accounting department without any further anal-
ysis by the water utility itself. A certain utility, responded to the energy for water request
with a 2-inch stack of double-sided, copied energy-bills. The large volume of data in a non-
accessible or easily functional format provides challenges for both utilities and researchers
to gain understanding of the relationship of water and energy.
Finally, the temporal resolution of energy and water data varies widely between utilities.
Figure 3.2 displays the varying temporal resolutions between water and energy data for both
drinking water and wastewater services. The figure shows the reporting time step for both
water and energy in a format promoting comparisons between the utility and data types.
The discrepancy in time scales between water and energy data impedes decision-making
opportunities in the energy-water nexus space. Data requests asked for information at the
daily scale, preferably, but suggested monthly as an alternative. Wastewater utilities had
a higher response rate and were more likely to submit daily flow data than for drinking
water utilities. However, there was a large percentage of utilities reporting flow data at a
temporal resolution of monthly or greater. In comparison to the energy temporal resolution
data, it was more likely that flow data were reported on a daily scale. This temporal
resolution for energy is generally in conjunction with monthly utility bills for electricity and
natural gas. Discrepancies in time scales between water and energy data impede decision-
making opportunities in the energy-water nexus space. Ideally, water and energy would be
reported on a daily time scale to facilitate decision-making opportunities using principles of
the energy-water nexus and to increase the resilience and sustainability of the system.
3.2.3 Data Accessibility
In addition to data availability, the accessibility of data by research, such as this study,
or other entities is a significant barrier to obtaining and creating a national dataset. Within
the scope of data accessibility, four barriers to obtaining the data arose during the course of
the study: (i) cost, (ii) sensitive data, (iii) state residency, and (iv) private utilities. These
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four hindrances posed a significant challenge in the study of the utility-level energy-water
nexus.
Many utilities charged a fee for the processing and collection of the data request. While this
fee is within each state’s open records laws, it poses a significant challenge when requesting
data from over 200 utilities. From the study, 13 of 223 utilities (6%) required a fee prior
to data delivery. This fee ranged from $0.69 to over $500.00 for the relatively not-complex
data requested. Many additional utilities also requested a fee, which was then waived for
the purposes of academic research. The significant cost of these utility’s requests did not
facilitate accessibility of data for research of the urban water cycle.
The second boundary to accessing data was the sensitive nature of the data. Some utilities
refused delivery of data without a non-disclosure agreement or simply declined the request
due to sensitivity and potential security risks of the data. Non-disclosure agreements limited
the use of these data in subsequent publication. This stance impinges upon the very nature
of research; therefore, it was a major hindrance to the collection and publication of a national
data set. Additionally, some utilities cited sensitive information requested and, thus, refused
the request. A certain utility cited “the potential for revealing potential vulnerabilities to
our water system” in the declining of the request (personal communication). In total, 5
public utilities declined to release their data. While the declining of the request due to
sensitivity was not an overly large percent of the total requests, it still posed a challenge to
the development of a national database.
The final two boundaries to obtaining the data were state residency and private utilities.
One public utility would only release data to in-state residents. Fortunately, this singular
utility was atypical of the overall study. However, this is a dangerous precedent to set
and could impose significant restrictions on national studies. Finally, of the 3% of water
utilities contacted that are private, not a single utility responded with data. While public
records acts do not apply to private utilities, increased economic stress for maintenance and
operation cause more urban environments to turn to private water utilities [187, 188]. This
void in data creates opportunities for targeted policies to require the release of such data




After months of working with utilities for data requests, three significant patterns and
trends developed in the responses leading to a single conclusion: the need for a uniform,
national database. The trends evident from the study range from first contact to final data
receipt including (i) challenges arising from a nonstandard process, (ii) inaccessibility of data,
and (iii) temporal resolution for decision-making purposes. Based on the aforementioned
challenges, similar strategies need to be developed for water resources data at the utility
level as is currently done for utilities in the energy sector.
The non-standard processes of data collection across multiple utilities did not enable
efficient collection of data for the purposes of comparison. Non-standard data collection
and often less-than-efficient organization of the data hinders decision-making at the systems
level considering water resources and energy for water. This widespread problem opens
opportunities for targeted policy and the use of data management software. Policy at the
state or national level could create standards for utility data collection and encourage utilities
to invest in software to manage the data collection process. The efficient collection and
organization of data enables a greater understanding of the system and allows for targeted
improvements to upgrade the sustainability and resilience of the system.
In addition to the non-standard process of data collection, the collected data are often
difficult to obtain through either communication, economic, or security barriers. There are
opportunities to fix these concerns by encouraging policy to create requirements for wa-
ter utility reporting and measurement. Already mandated annual water quality reports or
wastewater discharge reports could add more robust data reporting including water volumes
and energy consumption. The energy-water nexus has great potential to improve efficiencies
and sustainability of water utilities; therefore, open communication and a greater inclu-
sion of water and energy consumption statistics in currently published documentation are
recommended.
Finally, the data availability ranged in temporal resolution, often only at the monthly
scale for electricity and energy consumption, inhibiting decision-making based on the inter-
section of water and energy. The intersection of water and energy in water utilities is an
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important component of sustainability. Energy consumption has implications in detecting
system deficiencies, including contributing to climate studies. A more energy efficient system
increases resilience to electricity blackouts or energy shortages [106]. Decision-making at the
intersection of energy and water requires high temporal resolution data, preferably at the
daily level. The use of remote sensing and data collection software to enable daily collection
of water volume and energy consumption data is recommended.
Because of these challenges and the time consuming nature of data collection, even at
the scale requested, it is necessary for future research to create and maintain a comprehen-
sive water resources database at the utility scale. A national database of utility-level water
volumes and consumed energy is essential for the advancement of water utilities and their
sustainable operations. Policy is necessary to direct utilities to publish their data similar to
energy data within the EIA. This policy could originate from either non-governmental orga-
nizations such as the AWWA, national governmental agencies such as the USGS or USEPA,
or research groups/universities. The creation of this database has significant potential to




THE STATE OF URBAN WATER IN THE UNITED
STATES
In terms of policy, MFA can be used for early recognition, priority setting, to
analyze and improve the effectiveness of measures, and to design efficient material
management strategies in view of sustainability.
–Carolyn Hendriks, et al. (2000) [115]
Increasing water stress and climate change affects the global distribution of water resources
[45]. As a result, cities face increasing challenges to water management constraints [189].
Over half of the population of the United States is vulnerable to water resources risks [190],
and these water resources are integral to the life, economy, and social structure of urban
environments [191]. Therefore, understanding the anthropogenic fluxes of water through the
built environment (defined in this context as movement into and out of a city) is an important
consideration of urban sustainability [1]. Despite this importance of water resources fluxes,
there are relatively few sources of publicly available urban water data. The data that are
available are scattered and require a significant amount of synthesis [192].
Recent studies of the energy-water nexus in the urban environment focus primarily on
drinking water resources [27, 107, 108]. However, to provide a full picture of water and
energy in the urban environment, it is necessary to also understand corresponding wastewater
discharges. Several studies have previously categorized the total energy for water use in the
United States with estimates ranging from from 4-16% of total U.S. energy demand [109–111].
The variations in these estimates are based on the inclusion of residential water heating and
the inclusion of energy for direct steam usage. Additionally, James et al. [112] estimate that
pumping and treatment of water requires 2-3% of the world’s energy. A more recent study
This chapter was based on work published as: Chini, CM and Stillwell, AS (2018) The State of U.S. Urban
Water: Data and the Energy-Water Nexus. Water Resources Research: 54(3), 1796-1811.
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estimates energy consumption for water at closer to 1-2% of total energy consumption in the
United States and 1.7-2.7% globally [113]. However, these studies utilized limited primary
data to extrapolate energy usage and do not concurrently assess water fluxes. Using a
more robust set of primary data from drinking water and wastewater utilities and principles
of material flow analysis (MFA), this chapter answers the following motivational research
question: What is the current state of the U.S. urban energy-water nexus?
Anthropogenic fluxes of water including water supply, water loss, and wastewater effluent
and their embedded energy were the focus of the study. The urban water cycle includes
rainfall, drinking water imports, water loss, water abstraction, wastewater discharge, and
stormwater runoff. Figure 2.1 shows these generalized fluxes of water through the urban
environment and the multiple interactions of energy with the urban water cycle. Water is lost
in the system due to non-revenue water, which provides an important layer of understanding
to the flux of water in the urban water environment and has important implications in water
savings [55]. The underlying principles of MFA, a resource accounting method that tracks
material flows into and out of geographic regions [114], provided the basis for the study.
MFA is an important educational and communication tool [115] and is highly relevant to
describing socio-environmental interactions in support of informing policy and action [118–
120].
While water is generally managed as a local resource, it is increasingly broader in scope
due to resource sustainability concerns, population growth and shifts, and interbasin water
transfers, real or virtual [e.g., 47]. There is a significant gap associated with cataloging and
analyzing water flux and its embedded energy through urban environments in the United
States. This chapter filled this knowledge gap by (i) using a unique database of primary
data from drinking water and wastewater utilities across the country, (ii) assessing the overall
state of the U.S. urban energy-water nexus, with respect to energy-for-water demands, and
(iii) promoting data sharing between utilities and researchers through publication of the
data in an open-access database. This study provided nationwide statistics of annual and
intra-annual water fluxes in cities, non-revenue water, and spatial grouping. Each of these
statistics were presented for the first time using a robust database of primary data to provide
important insights for understanding urban energy and water sustainability.
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4.1 Materials and Methods
This section describes the approach to data collection, synthesis, and analysis of drinking
water and wastewater utilities and their water use and embedded energy. Before discussing
methodology specifics, it is important to identify geographical and accounting system bound-
aries. The study of urban water flux utilizes drinking water and wastewater utility level data;
therefore, each utility service area provided the geographical boundary for its respective city.
As utility boundaries do not necessarily correspond to the political jurisdictions of cities and
their city limits, the utilities might service some communities outside the main urban area.
For instance, the Detroit Water and Sewerage Department provides service to nearly 40%
of the State of Michigan’s population, far more than the population of the City of Detroit.
Additionally, drinking water and wastewater utilities in the same city do not necessarily
have the same service areas. Therefore, in order to define the flux of urban water, the utility
water flows were normalized by service population. For the accounting boundary, the study
focused on drinking water imports and wastewater exports, excluding the energy-for-water
needs of water within buildings (e.g., domestic water heating). Only utility-level energy
consumption was considered for the production, treatment, and pumping of water resources
into and out of the city. These were necessary boundary adjustments due to the scope of
the study and the goal of evaluating the state of the U.S. urban energy-water nexus from a
water utility perspective.
4.1.1 Data Collection
This objective’s data collection efforts were in conjunction with and a continuation of
those from Chapter 3. Open records requests were sent to utilities in 127 cities across the
United States over the course of two years, representing 253 distinct water and sewer utilities
(127 × 2 − 1; Minneapolis and St. Paul, MN share a wastewater district, and therefore the
data are combined). These cities represent major urban environments in each of the 50
states. Each city has a population of greater than 100,000, except in states where there
were no cities meeting that criterion. In those states, the largest cities were selected to be
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a part of the database. Additionally, not every city with a population greater than 100,000
people was included in the data search. The goal was to assemble a robust database and
sample size for the urban environment in each state, and the requests tended to align with
metropolitan statistical areas in each state, as defined by the U.S. Census Bureau. The data
from these open records requests were published at a monthly timescale, when available, in
an online and open database through the Consortium of Universities for the Advancement
of Hydrologic Science, Inc. (CUAHSI) [193].
Data request methods included standard mail, email, telephone conversations, online
forms, and social media. These data requests focused on water flow, energy consumption,
service population, and, in the case of wastewater, energy recovery. Data were requested for
the year 2012, based on its relative recentness and its correlation to other national datasets,
such as the Commodity Flow Survey [194]. The formal request process to receive data from
water utilities had substantial communication, data availability, and data accessibility chal-
lenges, as described in Chapter 3. Additionally, data were assembled outside of the formal
records request process for non-revenue water. These data were available through multi-
ple sources including news reports, end-of-the-year financial reports, state databases, and
through first-hand communication via email and social media exchanges (i.e., Twitter).
4.1.2 Data Synthesis
Data received from open records requests came in a variety of forms and temporal scales.
Often these data came in multiple formats such as scanned copies of utility bills, hard
copies of reports, or in PDF files of tables. Water volume and energy data were aggregated
to monthly and annual scales for each utility, as necessary. Energy resources consumed
by utilities included electricity, natural gas, fuel oil, and biogas. In previous studies on
drinking water supply, only electricity was considered as a component of energy-for-water
[108], neglecting other energy sources. Natural gas, fuel oil, and biogas are considered
primary energy sources, while electricity is a secondary energy source (i.e., generated from a
primary energy source). Distinguishing between these sources and normalizing to a common
form was necessary to accurately assess and compare energy-for-water at different utilities.
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These energy portfolios were converted to secondary energy (electricity in equivalent kWh)
for comparison, Equation 4.1, consistent with Chapter 5.











where, e is the electricity consumption in kWh, n is the natural gas consumption in therms,
and f is the consumption of fuel oil in gallons. The conversion factors were equivalent to
the normalization factors used in the American Water Works Association’s Benchmarking
Performance Indicators for Water and Wastewater: 2013 Survey [51]. A factor of 0.45 was
used in the conversion to account for efficiency in using natural gas, biogas, and fuel oil to
produce electricity [195]. For biogas, values were often given in standard cubic feet (scf),
a conversion factor of 0.61 therm per 100 scf was used to account for the different thermal
intensities of biogas and natural gas [196].
4.1.3 Data Analysis
Data analysis consisted of both statistical and spatial components. To calculate a national
average of urban environments, a population-weighted average was utilized. In addition, to
provide corresponding weighted standard deviations for water volume, it was necessary to
artificially create data points based on population and treated volume. For example, a city
with a population of 800,000 that uses 400 liters per capita per day would be represented by
800,000 data points with the value of 400 in the sample to capture the weighted standard
deviation of an urban citizen in the United States. Therefore, a city with a low population
but high water flux will not overly skew the average and standard deviation of the urban
water statistics.
A spatial analysis of the database was used to both visualize the data and evaluate the
effectiveness of regional benchmarking initiatives. A k -means clustering algorithm with a
varied number of groups or clusters determined appropriate geographic regions. The k -
means clustering algorithm partitions data into k clusters where each observation belongs
to a cluster with the nearest mean. The algorithm seeks to minimize an objective function
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based on Euclidean distance and variance of a mean. In other words, the algorithm spatially
correlates utilities based on proximity to each other and water flux and embedded energy
characteristics. A geographic information system provided the basis for this analysis that
included drinking water and wastewater flows and corresponding embedded energy values as
well as service population. The results of this analysis sought to justify regional or national
scale benchmarking for utility level comparison.
4.2 Results and Discussion
Primary flow and energy data were collected, organized, and analyzed from water utilities,
representing a drinking water service population of 81.4 million and a wastewater service
population of 86.2 million people. Of the 253 utilities for which data were requested, 76%
responded with some form of data; Table 4.1 indicates the number of utilities that responded
with data in each requested category. Monthly values for both water volume and embedded
energy were available for 56 drinking water utilities and 70 wastewater utilities. The following
sections discuss four key areas of results from the analysis of the database. The first section
shows overall variations in the data across the country from an annual timescale, including
national averages, non-revenue water, and a cumulative distribution function of both water
fluxes and embedded energy. The second section evaluates and visualizes the data on a
spatial scale. Next, intra-annual variations of the data across the country are analyzed.
Finally, the impacts of the urban energy-water nexus and its implications on a national scale
are discussed.
4.2.1 Annual Water Fluxes and Non-revenue Water
Many urban metabolism studies previously categorized the flux of water through an urban
environment. In his seminal study, Wolman [122] described the water metabolism of a
theoretical U.S. city of one million residents, estimating a drinking water consumption of 570
liters per capita per day (lpcd) and a wastewater discharge of 450 lpcd. A 1990 assessment
of Sydney estimated 490 lpcd of drinking water consumption and 430 lpcd of wastewater
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discharge [133]. In comparison, the water and wastewater flux of U.S. cities, based on these
primary data, were estimated to be 560 lpcd and 500 lpcd, respectively; see Table 4.1.
However, these water fluxes are highly variable between cities. To compare the variances of
the two fluxes, the relative standard deviation, the weighted standard deviation as a fraction
of the mean (σ/µ), were computed. The relative standard deviation for wastewater volume
(0.46) was greater than that of drinking water volume (0.37), illustrating a larger relative
variation in wastewater versus drinking water fluxes. This difference was most likely due
to large volumes of stormwater associated with combined sewers (carrying stormwater and
wastewater) in large cities and varying amounts of inflow and infiltration. Of the 104 cities
responding with wastewater flow data, 38 cities had combined sewer overflow permits from
the U.S. Environmental Protection Agency [197]. Figure 4.1 shows a lower per capita flux
of separated sewer discharge when compared to combined sewer systems. A non-parametric
statistical test confirms a significantly larger per capita discharge for combined sewer systems
over separated sewer systems (p < 0.01). However, there was no statistically significant
difference in the embedded energies of the two systems. Chapter 7 further investigated the











































Figure 4.1: Cities with combined sewer systems have significantly more volume, per capita,
entering their wastewater treatment plants than separate sewer systems.
Non-revenue water also provided an important layer of understanding to the flux of water
in the urban water environment. Of the 16.7 billion m3 per year of treated drinking water
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tabulated in this study, 15.7% of this volume was attributed to non-revenue water through
primary data. The estimation of non-revenue water closely correlated to previous nationwide
estimates by Thornton et al. [56]. Recalculating the mean and standard deviation of drinking
water eliminating non-revenue water, resulted in µ =420 lpcd and σ =170 lpcd (n = 70).
Non-revenue water accounted for a large portion, nationally, of treated drinking water and,
therefore, has important implications in water security and efficiency efforts.
Table 4.1: On average, U.S. cities discharged 88% of their drinking water intake through
the wastewater system, not accounting for combined sewers or infiltration and inflow. More
energy was required per volume to treat wastewater than drinking water. Wastewater
utilities, on average, recover about 14% of their required energy.
Drinking Water Wastewater
Flow Energy Flow Energy Recovery
(lpcd) (kWh/1000 m3) (lpcd) (kWh/1000 m3) (kWh/1000 m3)
Sample Size, n 89 73 104 90 45
Mean, µ 556 342 498 432 63
Std. Dev., σ 210 268 227 292 182
25th Percentile 449 148 326 363 48
50th Percentile 519 346 408 463 205
75th Percentile 645 499 641 648 303
No two cities were identical in their water fluxes or embedded energy. To better illustrate
the variation of water flux and its embedded energy across the United States, cumulative
distribution functions (CDFs) for drinking water, wastewater, and their embedded energy
were created. Figure 4.2 shows CDFs for drinking water and wastewater volumes per capita,
weighted by service population. The CDFs show a steeper slope when per capita water
fluxes are clustered together, with a flatter slope indicating minimal clustering and possible
outliers. For drinking water, Figure 4.2 (dark blue line), a majority of urban residents
consumed between 400 and 750 lpcd, which centers around the calculated mean; see Table
4.1. The high standard deviation of the sample could be driven by per capita drinking water
consumption above 1000 lpcd. Similarly, Figure 4.2 shows a steep slope between 300 and
600 lcpd of wastewater flux (brown line), which encompasses the calculated average; see
Table 4.1. These CDFs showed the variability of water flux on a per capita basis. Pairing
the individual city values for non-revenue water with their declared water fluxes, the CDF
of drinking water excluding non-revenue water was recalculated. Figure 4.2 (light blue line)
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shows a shifted CDF with lower overall flows. However, there were minimal changes to the
shape of the curve, indicating the minimal impact non-revenue water had on the variability
of drinking water demand across the country.


























Figure 4.2: The dark blue and brown lines show the distribution of weighted, per capita
drinking water and wastewater averages, respectively. The cumulative distribution function
was based on the total service populations of utility data received. The light blue line
shows the CDF for drinking water flux after removing non-revenue water (NRW).
Similar to water volume, Figure 4.3 shows a CDF of the embedded energy of drinking
water and wastewater, weighted by total volume treated. The embedded energy in drinking
water had a large slope between 100 and 550 kWh/1000 m3 before jumping, suddenly, to
a value of almost 1000 kWh/1000 m3, indicating two clusters of energy-for-water consump-
tion per volume among utilities. Similarly for wastewater, there was a steep slope centered
around the mean from 300 to 600 kWh/1000 m3 before a skewed right tail for the remaining
15% of wastewater treated. Finally, plotting the embedded energy of both drinking water
and wastewater against their annual volume treated, Figure 4.4, showed minimal economies
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of scale associated with energy for treatment. In other words, larger drinking water and
wastewater utilities did not necessarily have lower embedded energy for treatment and dis-
tribution/collection of their resources. This finding reinforced the need for a larger, national
database to facilitate utility comparisons as utility size is not an adequate indicator of similar
embedded energy.





















Figure 4.3: Cumulative distribution functions for the embedded energy of drinking water
and wastewater resources showed a skewed right tail of the distribution where larger
embedded energy is required.
4.2.2 Spatial Analysis of the Urban Energy-Water Nexus
While the CDFs in Figures 4.2 and 4.3 showed the variability of water flux on a per capita
basis and embedded energy on a per volume basis, it was also necessary to visualize this
variability on a spatial scale. Figures 4.5 and 4.6 display the spatial variability of drinking
water and wastewater flux, respectively, across the U.S. cities in the database. The figures
show both the volume of water and the embedded energy within the water resources of
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each city. Visually, there were minimal regional correlations associated with drinking water
and wastewater fluxes and their embedded energy. Wastewater fluxes, Figure 4.6, in the
northeastern portion of the United States were generally greater than those of the rest of
the country, indicating a prevalence of combined sewer systems in a generally older portion
of the country.
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Figure 4.4: The embedded energy demand associated with total treated volume for both
drinking water and wastewater did not suggest any economies of scale with regards to
energy per treated volume.
The AWWA benchmarks water utilities based on four geographical regions [51], congruent
with United States Census Bureau definitions. To determine the appropriateness of these
geographical regions, a k -means clustering analysis was conducted on 4 different sets of data:
(i) drinking water and embedded energy, (ii) wastewater and embedded energy, (iii) non-
revenue water, and (iv) summer peaking factor. The summer peaking factor was the percent
increase of the average summer month (June through August) over the average winter month
(December through February). For drinking water, there is minimal regional clustering
(optimal group number is 12), aside from the Northeastern United States. Wastewater
analysis generally grouped utilities into the eastern and western half of the country, aligning
with typical wetter/dryer climate patterns. Grouping based on non-revenue water percentage
had an optimum of two groups: the Northeastern United States and rest of the country.
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Figure 4.5: The volume of per capita drinking water varied across the country, with
minimal correlation between geographic regions. The size of the circle on the map indicates
the per capita water flux and the color of the circle represents its energy intensity. The
color scheme ranges from blue to red, with blue indicating a lower embedded energy and
red representing a higher embedded energy. A grey circle indicates a utility that responded
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Figure 4.6: The volume of wastewater discharged varied across the country, but there are
some instances of correlation with climate (such as in the southwest). Additionally, the
embedded energy in wastewater was lower in the Northeast and Northwest. The size of the
circle on the map indicates the per capita water flux and the color of the circle represents
its energy intensity. The color scheme ranges from blue to red, with blue indicating a lower
embedded energy and red representing a higher embedded energy. A grey circle indicates a
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Figure 4.7: Non-revenue water tended to be lower in cities in the western half of the
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Figure 4.8: There were larger summer peaking factor in western cities than in eastern cities.
Clustering based on summer peaking factor grouped cities into two groups: (i) the east-
ern states, Texas, and Oklahoma and (ii) the western states. This grouping was visually
apparent based on Figure 4.8. It is interesting, however, that cities in Texas and Oklahoma,
with similarly arid climates to neighboring southwestern states, exhibited lower increases
in summer water demand. Overall, multiple applications of the k-means squared spatial
statistics test based on different values of the energy-water nexus revealed limited regional
correlation. Outside spatial correlation, there were no visible trends of cities when compar-
ing water flux and embedded energy to service population. Therefore, there was minimal
statistical evidence to justify grouping of utilities on a regional geography basis or by utility
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Figure 4.9: Drinking water volume increased across the country during the summer
months, with minimal changes in wastewater volume and drinking water and wastewater
embedded energy. Monthly treated water volumes were normalized for each city based on
their average monthly flow and plotted based on their percent difference from the mean.
Embedded energy, due to its inherent normalization based on total volume, is plotted as a
strict average across all cities. The box-and-whisker plots show the monthly mean and the
10th and 90th percentiles.
4.2.3 Intra-Annual/Temporal Statistics of the Urban Energy-Water Nexus
Monthly volume and energy data were obtained from over 50 cities for drinking water
and 70 cities for wastewater. This sample size provided opportunities to evaluate monthly
changes in treated water volume and embedded energy for both drinking water and wastew-
ater utilities. Figure 4.9 shows the monthly variations aggregated across the United States
for drinking water and wastewater utilities. As one might expect, drinking water demand
in the summer months was greater than the monthly average, with the winter months being
lower. This heightened demand in the summer was most likely due to outdoor water de-
mand [198]. The visibility of this difference is interesting at this geographical scale, Figure
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4.8, and to this extent, considering the data did not exclude non-residential consumers and
were aggregates of cities across the multiple climates in the United States. The visible de-
mand differences in the data supported MFA capabilities to analyze urban water metabolism
without large data sets of individual meter readings. Additionally, further supporting the
outdoor watering hypothesis, monthly treated wastewater varied minimally across the year,
Figure 4.9. Focusing on a few representative cities, Figure 4.10 shows four cities with a
relatively constant wastewater discharge and large spikes in drinking water demand during
the summer months. These four urban environments—Cheyenne, WY, Denver, CO, Salt
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Figure 4.10: Cities in relatively dry climates exhibited large differences in summer drinking
water demand and wastewater discharge. North Texas refers to cities served by North
Texas Municipal Water District which services 24 communities that are north and east of
Dallas including: Plano, Allen, Rockwall, and Frisco.
Figure 4.9 indicated relatively minor variation at a national level for average embedded
energy of wastewater and drinking water resources. However, there was a very slight dif-
ference in drinking water energy as it lowers minimally during the summer months. When
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focusing on a few individual cities, this difference in embedded energy for drinking water
became more pronounced, Figure 4.11. For cities in colder climates such as Anchorage,
AK, Boston, MA, Colorado Springs, CO, and Salt Lake City, UT, there was a pronounced
change of embedded energy in drinking water, lowering during the summer months, despite
increases in demand. This difference was due to generally lower natural gas demands during
the summer months, as natural gas was predominantly used for heating drinking water and
treatment facilities. For cities in warmer climates, such as Dallas, TX and Oklahoma City,
OK, embedded energy increased during the summer months coinciding with an increase in
drinking water demand. Therefore, it was important to consider not just secondary energy
(electricity) in the treatment of water resources, but to also consider primary energy (natural
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Figure 4.11: Cities in colder climates that use natural gas as part of their treatment and
distribution processes for drinking water had much higher embedded energy in the winter
than in the summer. The shapes of these curves show the importance of natural gas in the
embedded energy of some cities’ drinking water.
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4.2.4 Impacts of the Urban Energy-Water Nexus
The latest water use survey by the U.S. Geological Survey estimated that 86% of the
population was served by centralized drinking water systems [43]. Additionally, about 74%
of the U.S. was served by centralized wastewater systems [199]. Acknowledging that there
was wide variation in embedded energy within drinking water and wastewater resources, em-
bedded energy were extrapolated to the estimated U.S. population served by public utilities.
The primary data for drinking water resources represented 81.4 million people (30.6% of
the population served by centralized drinking water systems) and accounted for 16.7 billion
m3 of water (28.9% of total public supply, 2010 estimate) [43, 200]. Extrapolating based
on both population and volume yielded a total electricity consumption of 18,800 GWh and
19,900 GWh per year, respectively, for urban drinking water supply, treatment, and dis-
tribution. Additionally, wastewater data accounted for 86.2 million people, 37.0% of the
population served by centralized wastewater utilities [200]. Extrapolating based on pop-
ulation yielded an estimate of 18,200 GWh per year of electricity consumption for urban
wastewater collection and treatment. Combined (37,000–38,100 GWh/yr), the extrapolated
energy consumption for U.S. drinking water and wastewater utilities accounted for approx-
imately 1.0% of the total 2012 electricity consumption of the United States [201]. While
extrapolating nationally from this sample size of approximately 30% was not ideal, the
results were comparable to previous estimates by Liu et al. [113] and James et al. [112],
which utilized much smaller sample sizes for their extrapolations. These results increased
the robustness of national estimates with the large sample of primary data.
Using similar assumptions of extrapolation, there was a significant impact of non-revenue
water. Extrapolating to all public water supply using the calculated 15.7% average, there
was an estimated 9.1 billion m3 of water lost as non-revenue water in the United States,
annually. This water loss was equivalent to the water demands of 44.5 million average
U.S. urban residents for one year. Additionally, using the calculated average embedded
energy and non-revenue water, the United States wasted approximately 3,100 GWh per
year through water loss, equivalent to a 360-MW power plant running at full capacity for a
year or the annual electricity consumption of nearly 300,000 average U.S. households [202].
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Reducing non-revenue water will have substantial benefits towards increasing sustainability
of the urban energy-water nexus.
4.3 Broader Impacts
With increasing stress on resources, there was a need for improved resource accounting
through data to ensure equitable and safe access of necessary resources for both humans and
the environment. Previous studies determined that water resource fluxes through the urban
environment dominate and comprise approximately 90%, by mass, of all flows [10, 122, 135].
However, these studies often evaluate one city at a specific point in time. Some studies do
evaluate cities temporally, across multiple years, [e.g., 125], showing an increasing urban
metabolism; there were no temporal studies of metabolism within a given year (seasonal
analyses). Additionally, there are few studies that combine the energy-water nexus and
material flow analysis [10, 145, 146]. A monosectoral approach to urban metabolism is
insufficient for material and sustainability analyses [5]. This necessary inclusion of principles
from the energy-water nexus provided an additional level of understanding and decision
making. This objective demonstrated the relevance of input/output frameworks such as
MFA to evaluate characteristics of cities with respect to their water flux. The study analyzed
the urban energy-water nexus on annual, intra-annual, and spatial scales, providing an
important first step in cataloging the trends of U.S. urban water resources and evaluating
the effectiveness of urban water conservation and sustainability policies across the country.
Anthropogenic water consumption occupies a central component of the global water sys-
tem [203, 204], especially considering the large human impact in urban areas. Determining
values of anthropogenic urban water flux fills an important knowledge gap associated with
the global water system. The study particularly emphasized the relationship of urban water
flux and its embedded energy, both primary and secondary energy sources. Studies of the
energy-water nexus continue to grow in the literature [81, 205]. It is necessary to promulgate
this trend in data collection efforts at a utility level with open access data. These important
metrics provide opportunities for academia, utilities, and government to develop and im-
prove the understanding of the urban water cycle. Future studies should include all sources
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of energy to fully quantify the urban water flux and evaluate the urban energy-water nexus.
Moving forward, there are significant future opportunities for sustainability and resilience
studies and initiatives associated with holistic, national analyses of urban water and embed-
ded energy. Expansion of collected data could include on-site electricity generation through
biogas turbines, solar panels, or alternative energy sources. Additionally, water quality and
water source data would make large contributions to the analysis of urban water and its em-
bedded energy. Water source information could also include water reuse, which is important
in creating a circular and sustainable urban economy as opposed to the predominantly linear
inputs and waste discharges [206, 207]. Water reuse and recycling have many implementa-
tion challenges, including energy intensity. However, recycled water use for non-potable
applications remains relatively low in the United States, even for water stressed cities such
as Tuscon, AZ (10% of total water supplied) [193] or San Diego, CA (3% of total water
supplied) [208].
This objective provided first assessment of the state of the U.S. urban energy-water nexus
to study changing demands throughout a year. It is necessary to continue collecting these
data either as part of academic studies or as a funded, central database (Chapter 3). The
difficulty of acquiring these data necessitate open access data efforts with utilities and either
academic, professional, or governmental organizations. To help advance open access efforts in
the energy-water nexus, all of the data were published in an open forum through HydroShare
by CUAHSI [193]. In the future, periodic updates of the nation’s water through an expanded
database would allow for continual urban water studies to assess its sustainability. Increases
in the collection of these urban water data has significant potential benefits for management
of infrastructure and sustainability goals [209]. Gleick [210] highlights data collection as an
important strategy in advancing water policy at the national level. Ideally, trends would
develop that show decreasing urban water use over time across the entire country, consistent
with urban metabolism definitions of sustainability [9].
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CHAPTER 5
THE COMPARATIVE WATER FOOTPRINT OF
U.S. CITIES
Comparative urban water research is important for drawing generalizations about
sustainability and for adapting lessons from one set of cities for consideration in
others.
–Karen Noiva, et al. (2016) [27]
The water footprint of the urban environment is not limited to direct water consumption
(i.e., municipal or local water supplies); embedded water in imported resources, or virtual
water transfers, provides an additional component of the urban water footprint. Water
resources are integral to the sustainability of an urban system [9, 10], with understanding
human modifications to the water cycle important for determining water scarcity [11]. Water
footprints measure humans’ appropriation of fresh water resources to support a population
[33, 34]. The embedded water in these resources carries important implications for food
and water security [33, 62]. Using empirical data, this work extended traditional urban
water footprinting analysis to compare direct and indirect urban resources for the United
States. The indirect component of the urban water footprint includes water indirectly con-
sumed through energy and food, relating to the food-energy-water nexus. This analysis
comprehensively quantified the indirect water footprint for 74 metropolitan statistical areas
through the combination of various databases, including the Commodity Flow Survey (CFS)
of the U.S. Census Bureau (UCSB), the U.S. Department of Agriculture (USDA), the Water
Footprint Network, and the Energy Information Administration (EIA).
The inclusion of multiple sectors of the urban water cycle and their underlying processes
provided important insights to the overall urban environment, the interdependencies of the
This chapter was based on work published as: Chini, CM, Konar, M, and Stillwell, AS (2017) Direct and
Indirect Water Footprints of the United States. Water Resources Research: 53(1), 316–327.
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food-energy-water nexus, and water resource sustainability. Previous studies have not exam-
ined the embedded energy or emissions as part of the urban water footprint, nor have they
comprehensively analyzed all of the cities within a country. Both direct and indirect water
require some amount of energy to either directly treat water and wastewater or transport
goods from their origin to the urban environment. The energy required for water footprints
is an important component of the energy-water nexus and the urban water cycle. Previous
research quantified energy consumption in the water sector at regional and national scales
[104, 111, 211, 212]. Both the consumed water and its embedded energy provided important
topics of discussion when comparing water footprints of urban environments. Taking the
analysis one step further, the carbon emissions associated with embedded energy provided an
extra layer of information about the energy-water nexus and the urban water cycle. Spatial
heterogeneity in both direct and indirect water footprints was also analyzed, determining
the average urban water footprint in the United States to be 1.64 million gallons of water
per person per year (6,200 m3/person/year or 17,000 L/person/day), dominated by indirect
water.
5.1 Methods
Prior to discussing methodologies associated with computation of water footprints, it is
important to declare geographical system boundaries and the methodological scope. For
the purposes of this study, the consumptive direct water boundary was the water that left
a drinking water treatment plant and entered the public water supply. This definition of
consumptive water was determined as wastewater discharges often occur downstream of the
drinking water intake for cities. The water was, therefore, removed from its original source
without full replacement at the same location from the individual city perspective. The term
‘consumption’ was utilized to retain language consistency between direct and indirect water
footprints, especially regarding water consumption for electricity. Furthermore, this defini-
tion provided an upper bound estimate of the direct water footprint of cities. Direct water
system boundaries were determined as the service boundaries of the primary water utility
provider of the municipality. Indirect water system boundaries, however, corresponded to
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the metropolitan statistical areas (MSAs) of the U.S. Census Bureau. These discrepancies in
system boundaries were unavoidable and, therefore, required mediation to make appropriate
comparisons between the direct and indirect water footprints; see Figure 5.1. Both direct
and indirect water footprints were normalized by their respective service populations. For
MSAs that extend across multiple states, only counties in which the main city’s state was
located were considered to remain closer to the boundary of utility districts. The CFS [194]
was the limiting factor in the study due to its pentannual publication, narrowing the study to
the year 2012 as a representation of recent conditions. For embedded resources accounting,
energy for water and emissions associated with energy are included. The study focused on a
holistic framework for understanding system interdependencies, reserving detailed life cycle
assessment for smaller scale studies. Figure 5.2 provides an overall methodological depiction
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Figure 5.1: Example of differences in utility boundaries and metropolitan statistical areas
(MSAs) for the City of Fort Worth and the City of Dallas (Texas). Note that city limits
were used to obtain direct water footprints and the MSAs were used to estimate indirect
water footprints. Due to discrepancies in these spatial domains, each footprint was

















Figure 5.2: Schematic of water and energy resources used to quantify the total water
footprint of urban areas in this study. Black arrows represent direct inputs to the city, and
grey arrows represent embedded resources. Importation of food and fuel resources leads to
indirect water consumption through virtual water, while electricity and natural gas
consumption require water-for-energy.
5.1.1 Direct Water Footprints
Direct water in urban environments was assumed to originate from water utilities with
minimal contributions from other potential sources of water consumption such as rainwater
capture or private well water. Annual pumping and treatment data from open records
requests for water utilities provided the necessary accounting for direct water, see Chapters
3 and 4. These records requests represented MSAs as defined by the U.S. Census Bureau
and asked for both water volume and energy data for the treatment and distribution of
potable water. MSAs such as San Jose-San Francisco-Oakland or Dallas-Fort Worth received
multiple requests for each of the municipalities’ major drinking water distributors. For the
purposes of this study only annual data were necessary. Therefore, daily or monthly data
were aggregated into annual values. The aggregated annual water consumption were then
normalized by provided service population.
Energy data from the open records requests were similarly aggregated to annual totals,
electricity and natural gas consumption were converted to secondary energy in terms of
equivalent killowatt-hours (kWh) of consumption based on Equation 5.1, and the energy
were then normalized based on 106 U.S. gallons (Mgal) of water treated. Imperial units were
utilized to correspond to the predominant methods of accounting water resources in the U.S.
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utilities. Energy data correspond to the energy required for water extraction, purification,
and pumping, where available.
E[kWheq] = e+ 0.45 × (29.3 × n) (5.1)
where, e refers to electricity in kWh and n represents the amount of natural gas in therms.
A factor of 0.45 was used to account for efficiency losses between primary and secondary
energy, similar to Chini et al. [55].
For the purposes of this study, emissions calculations for drinking water treatment were
limited to the embedded energy within drinking water. The purpose of this study was not
to perform a full life-cycle assessment on drinking water production and distribution, but
to provide a framework for future high-level evaluations of the urban water cycle. Liter-
ature quantifying emissions from drinking water production and distribution varies widely
depending on the type of treatment system and the quality of raw water [213], with one
paper estimating that energy demands account for only 33% of total emissions from treat-
ment processes with the remainder from chemicals in the treatment process [214]. Energy
emissions were estimated based on state level emissions data for electricity and natural gas
from the EIA [215]. Therefore, the estimation of emissions for drinking water production
and distribution was expected to be highly conservative. This assumption, however, corre-
sponds with the boundary scope of the indirect virtual water emissions that only considered
emissions from transporting goods (discussed in Section 5.1.2).
5.1.2 Indirect Water Footprints
The components of indirect water were distinguished by data source and labeled: virtual
water and water-for-energy. The calculation of these indirect water footprints of the urban
environment relied upon the combination of empirical data sets. Virtual water required
the CFS and other data sets, while the water-for-energy calculation relies upon the EIA’s
database. The CFS is a collaboration between the Bureau of Transportation Statistics of the
U.S. Department of Transportation (USDoT) and the Census Bureau (USCB) to provide
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information about the movement of commodities within the United States [194]. The survey
tabulates commodity transfers by origin, destination, value, weight, and mode of trans-
portation. This pentannual survey groups transfers based on the Standard Classification
of Transported Goods (SCTG) for food, fuel, manufacturing, electronics, and other goods.
Table 5.1 shows the groups in the CFS for food and fuel. These data, in conjunction with the
methodology employed in Dang et al. [65], provided the foundation for estimating indirect
water footprints of cities. However, Dang et al. [65] only included 5 of the 7 food commod-
ity groups within the commodity flow survey, excluding “agricultural products” and “other
prepared foodstuffs” (SCTG commodity groups 3 and 7). The study expanded upon this
methodology by accounting for the remaining two food commodity groups and fuel commod-
ity groups, (SCTG commodity groups 15-18, refer to Table 5.1). SCTG commodity group
19 (“other coal and petroleum products”) was not included due to ambiguity in assigning a
virtual water content (VWC) to the products. VWC equals the crop evapotranspiration per
crop yield [216], equivalent to the water footprint of each food commodity [33]. Generally,
VWC for food commodity groups varies by state of origin, but VWC was on the national or
regional scale for fuel products.
For these eleven commodity groups, the VWC of each commodity group was determined
based on state of origin using the methodology in Dang et al. [65]. This methodology assumed
that the VWC of each commodity group was equal to a weighted average of individual
quantities produced by the respective state. For SCTG commodity groups 1-5 and 7, the
VWC was calculated based on food production amounts in each state from the United States
Department of Agriculture’s (USDA) Census of Agriculture [2012]. These agricultural census
data are then coupled with the individual food items’ VWC described in various databases
[67, 219, 220]. When possible, state specific values for virtual water were utilized and national
averages were substituted when not available. Equation 5.2 describes the calculation of VWC
of each commodity group, adapted from Dang et al. [65].
VWCc,s =
∑I
iεc[(GreenVWCi,s + BlueVWCi,s) × Productions]∑I
iεc Productions
(5.2)
where c indicates commodity group, i indicates item, I indicates number of items within c,
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iεc indicates items contained in commodity group c, and s indicates state of production. For
the virtual water footprint of cities, both the green and blue virtual water content values
were included. Table 5.2 shows the various individual agricultural items included in each
commodity group. The VWC for SCTG commodity group 6 (“milled grain products”) is
directly from Dang et al. [65] without update.
Table 5.1: The Commodity Flow Survey provided information about transfers of goods
using the Standard Classification of Transported Goods (SCTG) including food and fuel
commodities [217].
SCTG Full Commodity Group Name
1 Animals and fisha
2 Cereal grains (including seed)a
3 Agricultural productsb
4 Animal feed, eggs, honey, and other products of animal origina
5 Meat, poultry, fish seafood, and their preparationsa
6 Milled grain products and preparations, and bakery productsa
7 Other prepared foodstuffs, fats, and oilsb
15 Coalc
16 Crude petroleumc
17 Gasoline, aviation turbine fuel, and ethanolc
18 Fuel oilsc
19 Other coal and petroleum products not elsewhere classifiedd
a“Staple” food commodity groups as defined in Dang et al. [65]
bAdditional food commodity groups not included in Dang et al. [65]
cFuel commodity groups included
dFuel commodity group not included
The second component of indirect water considered was water-for-energy. In addition to
the fuel sources identified in the Commodity Flow Survey, Table 5.1, electricity and natural
gas were also included. Various literature sources provide the embedded water resources
required for extraction, processing and refining of fuel commodity groups. Mielke et al. [221]
estimated the water consumption of coal to be 6 gallons per MMBtu. Generalizing for 19.5
MMBtu per short ton of coal in the year 2012 [222], this conversion equated to a value of
117 gallons per ton of coal. A study by Argonne National Laboratory [223] estimated water
intensities of crude oil and gasoline by region, with a United States average of 4.8 gal/gal of
crude and 4.6 gal/gal of gasoline, equivalent to 1,100 gal/ton and 7,200 gal/ton, respectively.
Fuel oils were assumed to have similar water intensities as crude petroleum.
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Table 5.2: The virtual water contents of several different types of crops and livestock are
combined to generate aggregate virtual water contents of the commodity groups.
01 Animals 02 Cereal Grains 03 Agricultural Products
Bovine Wheat Potatoes Lettuce Peanuts
Swine Corn Sweet Potatoes Oranges Rapeseed
Sheep Rye Dried Beans Grapefruit Sunflower Oil
Goats Barley Cabbage Bananas Sunflower Seeds
Broiler Chicken Oats Cantaloupes Peaches Cottonseed
Turkey Grain Sorghum Sweet Corn Pear Canola
Chicken Rice Tomatoes Apples Guava
Fish Millet Onions Soy Beans Papaya








The electricity and natural gas consumption of an urban population is difficult to estimate
as electricity grids and gas distributors do not align with political jurisdictions, although
there have been recent efforts to determine more spatially refined water footprints [224]. The
smallest unit that the Energy Information Administration (EIA) estimates is at the state
level. Therefore, the study assumed that per person averages for electricity consumption
and the water consumed for electric power generation at a state level adequately represent
the embedded water in electricity consumed at the urban level. EIA Form 923 provides
electricity generation and water consumption on a production plant level [225]. Since water
consumption for hydroelectric power is reported as zero in the EIA database, values for
gross water consumption through evaporation for hydropower generation were utilized from
Grubert [91]. Similarly, natural gas consumption was normalized on a per person level based
on state level estimates from the EIA [226], with embedded water estimated at 3 gallons per
MMBtu [85].
The embedded energy of indirect water provided a metric to determine the geographic
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extent of the water footprint of a city. There were two components of embedded energy:
(i) energy for virtual water, and (ii) energy for water-for-energy. The embedded energy in
the water-for-energy component comes from pumping cooling water at thermoelectric plants
or flowback from natural gas extraction, with these values negligible and highly variable,
respectively. Therefore, only the embedded energy of the virtual water component (refer
to Figure 5.2) was considered. For this study, the control volume was drawn around the
transportation of finished goods for the embedded energy calculation. The Commodity
Flow Survey provided commodity information based on transportation type and ton-miles
[194]. The Center for Transportation Analysis [227] provided annual estimates of energy
(Btu) per ton-mile equivalents for the various modes of travel for the year 2012 (Table 5.3).
Table 5.3: Truck freight traffic requires the greatest energy intensity per ton-mile [227],
and the combined truck and air traffic has the greatest global warming potential.
Energy Intensity Global Warming Potential
Mode of Travel Btu/ton-mile kg CO2e/ton-mile
Truck Freighta 3711 0.1983
Train Freight 294 0.0783
Barge Freight 210 0.0760
Combined Air and Truckb 2003 0.9224
aAssumes a standard truck weight of 5.8 tons
bAverages air and truck energy and emissions intensities per ton-mile
The modes of travel could be further used to determine the emissions of the commodi-
ties flowing into the urban system. The EcoInvent database (v3.1) implemented in SimaPro
(v8.0.4; PRé Consultants; The Netherlands) provided climate change characterization factors
for each mode of travel in equivalent kilograms of CO2 per ton-mile (kg CO2e). Characteri-
zation factors for climate change were available through the U.S. Environmental Protection
Agency’s (EPA) Tool for Reduction and Assessment of Chemicals and Other Environmental
Impacts (TRACI) [228]. Table 5.3 presents values of Btu per ton-mile and climate change
characterization factors for each mode of travel.
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5.2 Results and Discussion
At the time of writing, data for direct water footprints were available for a population of
approximately 47.2 million people, while the estimates of indirect water footprints accounted
for 197.2 million people, or 15.0 and 62.8 percent of the 2012 population of the United States,
respectively [229]. The large difference in service population was due to the inclusion of
suburbs within the metropolitan statistical area for indirect water that often have separate
water systems from the main city (refer to Figure 5.1). Additionally, there was a disparity in
the number of cities represented by direct water data versus indirect water data (33 versus
74), at the time of writing the chapter. Table 5.4 provides the mean, standard deviation,
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Figure 5.3: Map of per capita direct water footprints for urban areas of the United States.
Note that the size of the circle indicates the volume of the annual per capita direct water
footprint (ranging from <0.05 to >0.125 Mgal) and the color of the circle indicates the
embedded energy intensity (ranging from 150 to 4,000 kWh/Mgal). Direct water footprint
information was restricted to 29 urban areas with both direct water footprint volume and
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Figure 5.4: Map of emissions as a result of the embedded energy in drinking water
resources.
5.2.1 Direct Urban Water Footprints
Direct water footprints and their embedded energy varied widely with respect to geogra-
phy; see Figure 5.3. Embedded energy for direct water were presented in terms of kWh as
opposed to indirect water’s embedded energy in MMBtu. At the time of writing, only 29
of the 74 MSAs studied returned drinking water volume and energy through open records
requests. Of these 29 cities, the population-weighted average (µpop) direct water footprint
was 58,200 gallons (0.058 Mgal) per person per year, equivalent to 162 gallons per day; see
Table 5.4. However, the direct water footprint was highly variable, ranging from 29,700 to
137,880 gallons per year (0.030 to 0.138 Mgal per year), equating to a range of 81 to 378
gallons per day for the cities of Boston and New Orleans, respectively. The center of the
country from Texas through Chicago tended towards higher energy intensities with lower
embedded energies along the coasts. This trend had two notable exceptions of Las Vegas,
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NV, and Tucson, AZ, with very large embedded energies (4,000 and 4,700 kWh/Mgal, re-
spectively). In contrast, the average embedded energy for the reporting cities across the
country was 1,425 kWh/Mgal, with a standard deviation of 1,091 kWh/Mgal. Additionally,
the associated emissions for embedded energy in direct water were 800 kg CO2e/Mgal with a
standard deviation of 625 kg CO2e/Mgal. The spatial variability of the emissions are shown
in Figure 5.4. The identified trend in the direct water footprint and its embedded energy
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Figure 5.5: Map of per capita indirect water footprints for urban areas of the United
States. Note that the size of the circle indicates the volume of the annual per capita
indirect water footprint (ranging from <0.5 Mgal to >10 Mgal) and the color of the circle
indicates the embedded energy intensity (ranging from 0.5 to 13.0 MMBtu/Mgal). Cites in
the center of the United States tended to exhibit a higher indirect water footprint. Indirect
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Figure 5.6: Map of emissions as a result of the embedded energy of indirect water
footprints of cities.
5.2.2 Indirect Urban Water Footprints
Indirect urban water footprints have water resources originating from outside the area
of the city, unlike the predominantly local direct water footprints. Therefore, there were
further opportunities for analysis including network and spatial variability. Figure 5.5 shows
the per capita indirect water consumption and its embedded energy. New Orleans, LA,
and Savannah, GA, both have large per capita indirect water footprints (16.8 and 10.2
Mgal/year, respectively), much greater than the population-weighted average (µpop) indirect
water footprint of 1.33 Mgal/year; see Table 5.4. These high water footprints were both port
cities with relatively smaller populations than other port cities, such as Boston, New York,
Seattle, or Los Angeles, leading to greater, per capita virtual water inflows. Additionally,
relatively large indirect water footprints occurred in the states of Texas and Oklahoma and
in Omaha, NE, indicating inflows of goods with higher virtual water contents (i.e., meat
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products). Interestingly, there was some significant clustering of embedded energy within
regions. The southeastern United States tended towards a greater embedded energy within
indirect water resources. Additionally, the corridor from Nebraska through Texas exhibited
a lower than average embedded energy. This finding was due to a lower travel distance
for food and fuel as well as lower intensity modes of travel through the corridor, such as
trains. Nationally, embedded energy within indirect water footprints has high variability (µ
= 4.6 and σ = 3.0 MMBtu/Mgal). Variability in emissions of the indirect water footprint
are similar to the embedded energy; see Figure 5.6. The average embedded emissions from
transport of goods for each unit of indirect water is 450 kg CO2e/Mgal with a standard
deviation of 480 kg CO2e/Mgal.
As previously stated, the composition of indirect water has four components: i) food
and ii) fuel footprints, iii) electricity, and iv) natural gas. Virtual water of food and fuel
dominated the composition of the indirect water footprint of cities, which makes sense, as
water consumption and not withdrawals are a part of water footprints. The food virtual
water footprint constituted 87.6% of the total indirect water footprint and that of fuel
constituted an additional 11.9%; see Table 5.4. The water-for-energy required for natural gas
and electricity comprised, on average, less than 0.5% of the overall indirect water footprint.
The water-for-electricity consumption was heavily dominated by hydroelectricity demands.
In states with high evaporation rates and large contributions of hydroelectricity to the energy
portfolio, such as those in the Southwest or Southeast United States, the water consumed for
hydroelectricity increased. However, the contribution of hydroelectricity to the grid was less
than 7% for the United States, yielding high variability of the water-for-electricity footprint.
The cities of Mobile, AL, Las Vegas, NV, Tucson, AZ, and Greensboro, NC, had much
greater contributions to indirect water footprints from water-for-electricity than the average
at 22.2%, 11.5%, 7.8%, and 6.1%, respectively. Many of the other cities in the study have
contributions of less than 1%. Using data from the EIA and Grubert [91], the average,
by state, embedded water in electricity was 940 gallons per MWh. While this value only
considers electricity generation and not heat generation, it is less than 25% of the global
water footprint value of 4,100 gal/MWh determined for net electricity and heat generation
by Mekonnen et al. [230]. The population-weighted averages of the food, fuel, and overall
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indirect water footprint were lower than that of the strict average of all cities. This trend
indicated that MSAs with larger populations have lower per capita indirect water footprints.
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Power Law Relationshipa) a)
Fit Results
Fit 7: Power
Equation ln(Y) = 1.054428687 * ln(X) + 4.327576353
Alternate Y = pow(X,1.054428687) * 75.76044731
Number of data points used = 74
Average ln(X) = 3.00817
Average ln(Y) = 7.49948
Residual sum of squares = 67.1658
Regression sum of squares = 38.0721
Coef of determination, R-squared = 0.361772
Residual mean square, sigma-hat-sq'd = 0.932858
Fit Results
Fit 8: Exponential
Equation ln(Y) = 0.08660919332 * X + 5.446607854)
Alternate Y = exp(0.08660919332 * X) * 231.9699538
Number of data points used = 74
Average X = 23.7027
Average ln(Y) = 7.49948
Residual sum of squares = 49.1483
Regression sum of squares = 56.0896
Coef of determination, R-squared = 0.532979
Residual mean square, sigma-hat-sq'd = 0.682615
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Figure 5.7: The relationship between node strength and node degree for virtual water of
cities departed from the power law relationships previously presented in the literature [e.g.
47, 65]. Instead, the relationship between node strength and node degree for urban areas
was best represented by an exponential distribution.
Network analysis was employed to compare the node strength and node degree of the
indirect water footprint for each of the 74 cities; see Figure 5.7. Previous virtual water
studies identified a power law relationship between node strength and node degree for U.S.
states [65] and countries [47]. These studies found the exponent for the U.S. states (1.72) to
be smaller than the global network exponent (2.6). The presented study was at a finer spatial
resolution (urban scale), and the exponent for the best-fit power law is further reduced (1.05).
However, as this power law fit is nearly linear, an exponential distribution was determined to
be the best approximation of the relationship between urban node degree and strength (see
relationship on semi-log plot in Figure 5.7a). Therefore, the trend of a decreasing exponent
with geographically smaller nodes continued, leading the power law relationship to break
down and yield an exponential fit, Equation 5.3.
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s = 231.97 × e0.087k (5.3)
Figure 5.7b compares the functional relationships between node degree and node strength
for U.S. cities, U.S. states, and countries. The exponential relationship for cities indicated
that they were more efficient at obtaining virtual water resources with fewer commodity
exchange partnerships (note that the exponential function produces higher node strength,
s, values for values of node degree, k, less than 10 in Figure 5.7b). However, fewer exchange
partnerships might leave urban areas more vulnerable to disruptions to their supply chains.
This analysis highlighted the need for further research to evaluate trade-offs between network
















































Indirect Water Footprint of Food
Indirect Water Footprint of Fuel
Indirect Water Footprint of Electricity
Figure 5.8: Map of total urban water footprint and the contributions of direct and indirect
water. Indirect water dominated the water footprint of a city, with food contributing to
the bulk of the water footprint. The map was restricted to 33 cities for which direct water
footprint volume data are available.
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5.2.3 Total Urban Water Footprints
The total urban water footprint was computed as the sum of the direct and indirect water
footprints. Figure 5.8 shows the contributions of the indirect and direct water footprints
to a city’s total footprint and the values, in Mgal/year, of the total urban water footprint.
On average, the indirect water was twenty times that of direct water; see Table 5.4. The
per capita contributions for both direct and indirect water did not sum to the total water
footprint due to the differences in sample sizes. Utilizing the water footprints and associated
embedded energies, urban residents within the United States, on average, consumed 1.64
million gallons of water per year, nearly 4,500 gallons per person per day. The total urban
water footprint provided a benchmark for urban or regional authorities to create sustainabil-
ity goals and lower their total water footprint. For example, cities in water-rich environments
might focus on lowering indirect water footprints and water-strained cities might focus on
direct water. Table 5.5 provides a ranking of the top 5 urban areas with largest and smallest
water footprint.
Table 5.4: Urban water footprints were dominated by indirect water; the population
weighted average µpop was lower than the strict average (µ), indicating a lower per capita
consumption in cities with a larger population.
Water Footprint (Mgal/person/yr)
Urban Water Footprint n µpop µ σ Vmin Vmax

























To consume this volume of water, the required annual energy consumption was approxi-
mately 6 MMBtu per person of primary energy for transportation and 80 kWh per person
of electrical energy for water treatment and distribution. While this individual energy con-
sumption was relatively small, these values when scaled to a national scale, representing a
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U.S. urban population of over 250 million, constituted significant energy investment. The
results of the total urban water footprints illustrated the significant water and energy re-
quirements to support urban environments within the United States.
Table 5.5: The analysis uncovered a wide range of urban water footprints across the United
States.
Largest Urban Water Footprints) Smallest Urban Water Footprints)
Rank City (Mgal/person) City (Mgal/person)
1 New Orleans, LA 16.97 Baltimore, MD 0.38
2 Houston, TX 3.57 Las Vegas, NV 0.43
3 Dallas, TX 3.21 Boston, MA 0.46
4 San Antonio, TX 3.04 Raleigh, NC 0.48
5 Oklahoma City, OK 2.25 Tucson, AZ 0.50
5.3 Summary
When studying the urban water footprint, quantification of both the direct and indirect
virtual water components was important when considering the food-energy-water nexus.
Additionally, embedded resources and emissions provided an essential layer of evaluation
and understanding for the overall urban water footprint. The study was the first to compre-
hensively characterize the water footprint of all cities within the United States, leading to
three major conclusions: (i) indirect water dominated the total flow of water into an urban
environment, (ii) reductions in energy consumption can be realized in both the direct and
indirect water footprints, and (iii) benchmarking of total water footprint might inform policy
and management of the urban water cycle. These conclusions provided further direction for
study of the urban water cycle and its embedded energy.
Indirect water, comprised of virtual water and water-for-energy, dominated the urban
water cycle on a per capita basis. On average, indirect water was an order of magnitude
greater than direct water consumption. Additionally, virtual water imports associated with
food and fuel dominated the indirect water footprint over the water-for-energy component
of indirect water. Understanding indirect water and its sourcing is essential for detecting
vulnerabilities in the urban water supply [71, 231]. The results of the comprehensive study
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further supported the need for indirect water calculations to be included in urban water
accounting and policy considerations. See Chapter 8 for further discussion on the role of
indirect water in policy.
The analysis provided important insights into the food-energy-water nexus at the urban
scale, creating opportunities for understanding water and energy savings and efficiency. To
promote policy and management of the urban water cycle and its embedded energy and
emissions, an overall understanding of the intra-national variations in the urban environment
was necessary. The large-scale geographical comparisons of the urban water cycle presented
in this analysis provided unique insights that evaluating a single city does not afford. By
comprehensively analyzing many urban systems, a foundation for future research to address
questions of urban water resources sustainability was built. Evaluating multiple cities in a
singular effort, with a unified methodology, enabled future benchmarking and other policy
objectives to evaluate the urban water cycle and the urban food-energy-water-nexus.
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CHAPTER 6
EMBEDDED ENERGY OF URBAN METABOLISM
. . . [S]ustainable urban futures will require a fundamental transformation of ex-
isting production and consumption patterns in cities...
–Vanessa Castan Broto, et al. (2012) [232]
In the 50 years since Abel Wolman first published an estimate of U.S. urban metabolism,
the field of urban metabolism has begun to thrive, with cities outside the United States
being much of the focus. The current federal perspective of climate change in the United
States has led to a rise in cities and their mayors stepping to the forefront of U.S. climate
and sustainability policy. As cities attempt to meet local and international sustainability
goals, it is time to revisit the metabolism of cities within the United States. Using exist-
ing empirical databases for material flows (the Freight Analysis Framework (FAF)) and a
published database on urban water flux, this objective provided a revised estimate of urban
metabolism for the typical U.S. city. Median values of metabolism were estimated for a city
of one million people for water resources, food, fuel, and construction materials. To facilitate
a second generation of urban metabolism, the study extended traditional analyses to include
the embedded energy required to facilitate consumption of commodities. This extra layer of
urban metabolism has important implications in determining sustainable urban metabolism.
What constitutes a sustainable urban metabolism? Current speculations on sustainable
urban metabolism require a decrease in energy, water, and material flux over time regard-
less of population increases [9]. However, this definition focuses specifically on the physical
and direct material flows of an urban environment, requiring an additional layer to urban
metabolism: the embedded energy required to facilitate these resource fluxes. This under-
This chapter was based on work submitted as: Chini, CM and Stillwell, AS (2018) The Metabolism of U.S.
Cities 2.0. Journal of Industrial Ecology : submitted
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standing of indirect or embedded resources in a city’s metabolism is suggested as a necessity
in advancing to the second generation of urban metabolism studies [124]. A few studies
combine the energy-water nexus and urban metabolism [10, 145, 146] but do not extend
the embedded energy to other materials. This analysis focused on the embedded energy of
urban metabolism utilizing a similar approach to embedded energy, as in Chapter 5, through
transportation of goods and treatment of water resources as another indicator of sustainable
urban metabolism.
Finally, a lack of available data leads to urban metabolism studies that focus on a sin-
gular aspect or material flow in an urban metabolism study [116]. An approach to urban
metabolism that only considers a single sector of materials is inadequate [5]. For instance,
by mass, water flux accounts for approximately 90% of flow through an urban environment
[122, 135, 136]. However, to understand the role of water in the city, it is necessary to study
the flows of energy and all materials entering the city [147]. The study relied upon two
open-access U.S. databases: (i) the published inventory of urban water fluxes from Chapters
3 and 4, and (ii) the Freight Analysis Framework (FAF) for food, fuel, and other materials.
6.1 Methodology
6.1.1 Material Flows
Two openly available databases of varying geospatial scale, one for water and another for
other materials, provided the basis for evaluating urban metabolism at a singular year, 2012.
The urban water database developed in Chapters 3 and 4 was utilized for urban water fluxes
and their embedded energy. Other material flows were obtained using the FAF, a pentannual
macroeconomic analysis of freight travel between states and metropolitan statistical areas
(MSAs) across the United States [233]. These data aggregated material flows into and out
of an MSA by the Standard Classification of Transported Goods (SCTG), which accounts
for 42 categories of materials [194, 217]. These 42 categories range from food to building
materials to electronics. Using the MSA as the urban boundary, see Section 6.1.3, the
material consumption was calculated as the difference between flows into and out of the
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MSA, assuming negligible storage within the MSA for the time period of interest. These
categories were combined into four groups (food, fuel, construction materials, and waste) to
evaluate major material flows of the urban environment; see Table 6.1. There were 71 MSAs
from the FAF database that also had water data from Chapters 3 and 4. Consumption of
goods was estimated from the difference between aggregated exports and imports within
each category. Median values for material consumption were reported to provide the best
estimate of urban metabolism amid data uncertainty.
Table 6.1: The Commodity Flow Survey was divided into four basic categories: food,
construction materials, primary fuels, and waste.
SCTG
Material Category Code Standard Classification of Transported Goods
Food
01 Animals and Fish
02 Cereal Grains
03 Agricultural Products
04 Animal Feed, Eggs, Honey and Other products of animal origin
05 Meat, Poultry, Fish, Seafood, and their Preparations
06 Milled Grain Products and Preparations, and Bakery Products
07 Other Prepared Foodstuffs, Fats and Oils
Construction Materials
10 Monumental or Building Stone
11 Natural Sands
12 Gravel and Crushed Stone
13 Other Non-Metallic Minerals not-elsewhere identified
14 Metallic Ores and Concentrates
25 Logs and Other Wood in the Rough
26 Wood Products
32 Base Metal in Primary or Semi-Finished Forms and in Basic Shapes




17 Gasoline, Aviation Turbine Fuel, and Ethanol
18 Fuel Oils
19 Other Coal and Petroleum Products
Waste 41 Waste and Scrap
6.1.2 Embedded Energy
Embedded energy determinations required distinct methods between water and other
materials. Electricity and natural gas are the predominant embedded energy sources for
drinking water and wastewater (Chapter 4). Electricity as a secondary energy source is
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incomparable with the predominantly primary energy source of embedded energy for other
materials. To normalize the embedded energy (in kilowatt-hours of electricity, therms of nat-
ural gas, gallons of fuel oil), state-level efficiency factors determined the equivalent energy
in gigajoules (GJ) per kWh, Equation 6.1:
















where cstate is the weighted average of gigajoules to kWh based on fuel composition for
electricity for each state, e is the consumed electricity, n is the consumed natural gas in
therms, and f is the consumed fuel oil in gallons. Determining state-level values is consistent
with previous studies on embedded resources [e.g., 55] and existing policies on low-carbon
on renewable fuels standards.
Methods for determining embedded energy resources in materials other than water mir-
rored those in Chapter 5. The FAF provided transportation type and ton-miles for each
import into the city [194]. Combining these data with annual estimates of energy per ton-
mile equivalents for each mode of travel from the Center for Transportation Analysis [227]
revealed estimated total energy expended for each import into the urban environment in
GJ; see Table 6.2. Only the energy to import food, fuel, and construction materials and the
energy to export waste was considered. This total energy was then normalized with respect
to the mass of consumed resources within the MSA to avoid double counting on city-to-city
transport of goods.
Table 6.2: Energy intensity factors were utilized in determining the embedded energy of
goods and are adapted from Davis et al. [227].
Energy Intensity




Combined Air and Truckb 2.11×10−3
aAssumes a standard truck weight of 5.8 tons
bAverages air and truck energy intensities per ton-mile
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6.1.3 Defining Urban Boundaries
The different datasets referenced two different geographical boundaries at the city and
the urban scales. Data for water resources defined the urban boundary as the extent of
the service area for drinking water and wastewater utilities, which are often different. For
material flow data, the FAF provided data based on MSAs. These MSAs included all
neighboring suburbs and counties that contribute to the economic workforce of the city.
Through this definition, material flows comprised a larger geographical area and population
than that of water resources. These disparate definitions of the urban environment and their
accompanying boundaries required refinement to achieve some common ground. A service
population for water resource and material flow data normalized total material fluxes of the
urban environment. Normalization of the data through population was necessary for these
large scale comparisons.
6.2 Results and Discussion
6.2.1 Revisiting the Typical U.S. City
For an average city of one million inhabitants, Wolman [122] estimated the relative
metabolism of water, food, and fuel inputs and the resultant wastewater (including solids),
refuse, and emissions outputs. Figure 6.1 shows a scale representation of the metabolism of
cities as suggested and depicted by Wolman [122]. The drinking water inputs equated to
an estimated demand of 570 liters per capita per day (lpcd) and a wastewater discharge of
450 lpcd. The representation shows the large influence of water on the urban environment
in terms of material flow. This first assessment of metabolism neglected a few of the now-
commonplace evaluations including changes in urban stock (physical growth of the city) and
other raw materials [e.g., 116, 120]. The values of U.S. urban metabolism from Wolman
[122] are comparable to estimates of the average European city by Finco and Nijkamp [234].
The European city of one million people consumes slightly more fossil fuels at 11,500 tonnes














Figure 6.1: The 1965 estimated metabolism of a U.S. city with one million inhabitants in
units of metric tonnes (recreated from [122]).
Using the existing visualization approach as a template, the values for urban metabolism
were updated and expanded to include the additional category of construction materials.
The study focused on physical material fluxes and reserved emissions estimations for further
research due to the uncertainty of fuel type and lack of data to disaggregate the SCTG
grouping system information with reasonable accuracy. Figure 6.2 shows the updated urban












Figure 6.2: The revised estimate of urban metabolism shows increases of food and waste
with relatively static fuel and water consumption when compared to Wolman’s 1965
estimate.
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Comparing Figures 6.1 and 6.2 there was a similar quantity of fuel consumption and
drinking water demand, but much higher demands of food and subsequent waste production.
There was a slight increase in wastewater flux between the two estimates. The increase in
waste production and food consumption in U.S. cities’ metabolism was the most striking
distinction between the two estimates. This pattern showed an increase in the wastefulness
of cities, illustrating an unsustainable trend in material consumption. The accounting of
construction material flows illustrated the growth of the urban stock from a metabolism
perspective. Overall, water dominated the flux of materials within the urban environment
(accounting for 98% and 99% of mass imports and exports, respectively), consistent with
previous studies [135, 136].
6.2.2 Regional Patterns of Urban Metabolism
The United States Census Bureau divides the United States into four regions: Northeast,
South, Midwest, and West. These four regions are defined by state boundaries and provide
another lens in which to view urban metabolism across the United States. Figure 6.3 shows
the variations in material consumption from the national median across the United States.
Using a similar approach to the national level values, median consumption values for each
region were compared to the national average. The Midwestern region showed much higher
median urban consumption for non-water resources. The arid West showed higher median
values for drinking water demand, while the wetter and more dense Northeast showed lower
median water demand. Median urban waste varies minimally across the four regions, while
median fuel consumption values varied the most. While there are some variations across the
country with respect to region, the variability of the data casts some doubt on the significance
of these trends. Due to the geographic centrality of the Midwest within the United States,
the data, based on macroeconomic analyses, might overestimate the consumption of cities








































































































































































































































































6.2.3 Facilitating Urban Metabolism
The embedded energy of urban metabolism is the energy required to enable a city’s
metabolism to occur. While this energy could be traced back to the production level of
goods, the study was limited to the energy required to transport goods from an origin to
the urban environment as the destination for direct consumption or transformation. In the
case of water resources, the embedded energy was the energy required to collect, treat, and
distribute drinking water and wastewater resources. Using the revised estimates of U.S.
urban metabolism, the daily energy demand to facilitate urban metabolism was approxi-
mately 3,860 GJ/day, represented in Figure 6.4. Of that total required energy, wastewater
demanded the largest embedded energy per unit of mass, followed closely by drinking water.
The energy required for urban inflows represented 49.6% of total daily energy demand. For
comparison, the thermal energy required to generate all electricity in the United States for







Material Flows and their Embedded Energy










































Figure 6.4: The energy required to facilitate urban metabolism is shown for each of the
material categories. The energy required for daily water metabolism far surpasses the
energy required for the flux of the other analyzed materials.
Water resource flux demanded the largest share of energy, and also had the largest energy
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intensity of any of the categories (measured as energy per unit mass). Food had the next
largest required energy and energy intensity indicative of the highly interconnected network
of food transfers throughout the United States [65]. Conversely, fuel and waste had much
smaller energy intensities. Fuel is generally transported through train, pipeline, or barge,
which are relatively less energy intensive than truck traffic. Refuse, on the other hand, has a
lower energy intensity due to the relatively short distances that the material is transported.
However, as landfills across the country reach their capacity, especially those in regions with
denser populations [236], this energy intensity could change in the future. Additionally,
waste-to-energy processes (especially for food waste [237]) could affect both the amount of
waste leaving the city and its required energy.
6.2.4 Data Limitations and Uncertainty
MSAs include multiple counties around the central urban environment. Therefore, the
boundary of the material flow study could include counties adjacent to the urban environ-
ment that are net producers of food and other materials. The estimation of consumption
and stock growth, therefore, does not exactly reflect the boundary of the central urban en-
vironment. However, to perform an urban metabolism study of the selected magnitude, use
of this MSA-based dataset is the most feasible option. There was a high variability in the
consumption of cities across the United States. The 25th, median, and 75th percentile values
of resource consumption are shown in Table 6.3. The interquartile range for all categories,
except for waste, indicated a high heterogeneity in material metabolism across U.S. cities.
The variance associated with these results provides some hesitation when approaching
urban metabolism studies. Cities varied substantially in food, fuel, and construction mate-
rial consumption with some metropolitan areas having a negative consumption, meaning a
production of goods within the boundary outweighing the imports. Additionally, there was
a large range associated with the embedded energy of urban metabolism, with some cities
requiring much higher and lower energy to import commodities. Data collected in Chapters
3 and 4 provides the ranges for water material flux and its embedded energy. For urban
metabolism studies to become a useful tool in planning and sustainability studies within the
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United States, a better, robust, and comprehensive database than the FAF dataset is neces-
sary. This need not only applies to material flows, but also to flows of water. To create and
maintain this database, cities or regions would need to work with retailers and industry to
better estimate sold and repackaged resources within their city boundaries. At a minimum,
food, building materials, and fuel should be cataloged with resolution on type and origin for
the commodity. Data at a monthly, seasonal, or annual scale could better inform quantifi-
cation of metabolism trends within a city. A database of this scale would enable cities to
make decisions on their sustainability through benchmarked consumption and waste habits
as well as to determine their local, regional, and global environmental impacts.
Table 6.3: All urban material flows were normalized to daily averages for a city of one
million people (e.g., (Chicago Material Flux/Chicago Population)×106). The interquartile
range of these flows, aside from waste indicated a highly variable consumption of materials.
Additionally, the range of energy intensity for facilitating urban metabolism was provided
in gigajoules per 1000 tonnes (GJ/kt).
Material Flows (tonnes/day) Energy Intensity (GJ/kt)
Material Category Median 25th % 75th % Mean Std. Dev.
Drinking Water 556,000 465,000 726,000 3.44 2.52
Food 3,770 1,140 7,610 1.14 0.41
Fuel 8,010 1,250 19,400 0.21 0.15
Construction Materials 950 -1,720 3,060 0.51 0.39
Wastewater 401,000 316,000 659,000 4.83 2.95
Waste 4,930 3,960 5,630 0.44 0.51
6.3 Discussion
The understanding of energy and material flows is essential in the development of sus-
tainable cities [128]. Disorders, such as growth that outpaces the ability of environmental or
societal systems to cope, in a city’s metabolism indicate potential barriers to sustainable de-
velopment [114, 137, 238]. Material flow analysis and its application to cities is an important
educational and communication tool [115] for describing socio-environmental interactions in
support of informing policy and action in urban environments [118–120]. This study revised
the estimations of urban metabolism in the United States by Wolman over 50 years ago
76
[122]. Using the FAF dataset and a database of water fluxes, an updated urban metabolism
including water, food, fuel, and construction material consumption was provided. Upon
comparison between the two estimates, there were substantial increases to food and refuse
streams at a median national scale. Additionally, the study added a subsequent layer of
analysis—embedded energy for urban metabolism—that yielded important insights into the
material demands of cities and urban sustainability.
In what has been widely cited as the seminal study in urban metabolism, Wolman [122]
defines the material consumption of a typical U.S. city of one million people. However, since
that time, urban metabolism studies have rarely returned their focus back to the United
States. With a need to assess resource sustainability in the face of climate change and local-
ized sustainability initiatives, there are opportunities to provide quantitative assessments of
cities and their impacts on the surrounding environment through urban metabolism. Urban
metabolism, by quantifying material dependencies, contributes to the discerning of political,
social, and economic drivers of consumption [143]. The potential for urban metabolism lies
within its diversity and adaptable approach to understanding a city [232]. Urban metabolism
is a useful approach for recognition of problems, setting priorities, enacting policy, support-
ing decision making, and utilizing empirical knowledge to promote sustainability [114, 115].
Urban metabolism studies at a national or regional scale have an important role moving
forward in the United States, if data can be made available [144].
Water resources dominated not only material flows, but also the daily energy demand
for facilitating urban consumption. Future analysis could benefit from more refined data
to rectify geographic discrepancies and to create greater spatially and temporally refined
assessments of urban metabolism in U.S. cities. The current level of data available for
urban metabolism was inadequate to fully assess changing stocks and consumption of cities.
There is a distinct need for policy to create opportunities for data collection of material
flows across the United States. As U.S. cities strive to meet their goals within the Paris
Climate Accords [239], despite federal divestiture, data-driven urban metabolism studies are
an essential tool in a city’s sustainability portfolio. Accounting for material and water flows




INDICATORS OF THE URBAN ENERGY-WATER
NEXUS
. . . [O]ne goal of establishing a city or region’s metabolism is to quantify the ma-
terial substrate on which a city depends and to unravel the policy and behavioral
drivers as well as the differences that might exist among socioeconomic groups...
–Stephanie Pincetl, et al. (2014) [143]
Urban water systems (drinking water, wastewater, and stormwater) provide integral ser-
vices to sustaining urban life. The quantity, quality, infrastructure, and management of
water resources, as well as perceptions of water, provide an entangled net of policy, science,
and engineering that impact the sustainability and resilience of urban water resources. This
complex interaction of the life, economy, and social structure of urban environments is pred-
icated upon managing and manipulating water resources [191]. Sustainability in the urban
environment is the localization of global sustainability principles pertaining to resource is-
sues and socioeconomic challenges [240]. Cities or urban environments sit at a confluence
of technology, resource consumption, population, culture, and economics. With a rescaling
of sustainability policy from the regional scale to the urban scale, there is a need to refocus
sustainability goals of water resources to the urban environment. This rescaling of policy in
sustainability aligns with the predominantly local management of water resources through
municipal water utilities. Therefore, urban environments provide the ideal laboratory for
study of water resources. In this analysis, the dependence of urban water metabolism on
social, economic, environmental, and infrastructure characteristics across over 100 cities in
the United States was analyzed. Residential demand studies reflect a bottom-up means of
identifying indicators and projecting water demand. However, does a top-down, city-level
analysis identify similar indicators and behaviors to predict urban water metabolism?
At the residential scale, there have been many studies that quantify drivers of drinking
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water demand. Income [241–253], age [247, 248, 254], household size [243, 248, 250, 252],
urban density/type of development [244, 255–257], and household composition [258, 259] are
a few of the identified indicators for predicting water demand. House-Peters and Chang [260]
provided a comprehensive review of residential demand studies and their relevant indicators.
Household consumption is generally inelastic with respect to price changes. However, high-
income households are more price inelastic [261], while seasonal water demand is the most
price elastic [262]. Additionally, smaller households are the most sensitive to price changes
[263]. Mini et al. [198] found that water restrictions also significantly affect water use. From
an environmental perspective, changes in temperature affect residential water demand [246],
but they are location dependent [264]. In summary, there are a variety of socioeconomic and
environmental factors that affect residential water demand. These characteristics are often
evaluated for a singular urban environment and multiple city evaluations are rare [264].
While end-use water meter data are popular sources of data, they are often limited in
sample size and duration and have associated privacy and security concerns. Supply-side
water meter data, while still somewhat difficult to obtain (Chapter 3), provide an alternative
to meter-level data to understand utility-scale water demands. In this study, a top-down
approach was utilized with supply-side data to identify indicators of urban water flux and its
associated embedded energy. Regression models were scaled from residential studies to the
urban environment for identification of similar trends, asking the question: Do cities exhibit
patterns of water use associated with their socioeconomic and environmental conditions?
7.1 A Socioeconomic Approach
In the early 1900s, Patrick Geddes envisioned the urban environment as a living organism
that requires nutrients, creates wastes, and evolves [265]. Odum [266] was the first to apply
a metabolic metaphor to a non-biologic organism, which has since been applied to other sys-
tems [267]. Metabolism applied to urban environments is a subset of the societal metabolism
metaphor [240]. Treating the urban environment as an organism that draws resources from
its surrounding ecosystem provides opportunities for city-level resource consumption com-
parisons, sustainability and resilience indexing, policy opportunities, and benchmarking for
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the urban water cycle. Building on this metaphor, the field of urban metabolism addresses
the material and resource demands and subsequent wastes of cities. Kennedy et al. [125]
defines urban metabolism as “the sum total of the technical and socioeconomic processes
that occur in cities, resulting in growth, production of energy, and elimination of waste.”
Additionally, Bai [4] suggests three dimensions of urban metabolism: (i) inputs, (ii) out-
puts, and (iii) policies and mechanisms that govern the flows. Based on these definitions,
socioeconomic and technical processes are unique to each city, are emblematic of their urban
system, and provide insights into the cities’ metabolism. In the case of water resources,
attempting to decipher these anthropogenic fluxes through cities is important with respect
to urban metabolism and sustainability [1].
The movement of water resources through the urban environment requires extensive in-
frastructure and is necessary for human consumption and waste disposal. Brian Fagan, in
his book Elixir [268], describes the evolution of water’s role in civilization morphing from
a sacred item in ancient times, to a commodity from the medieval times to the industrial
revolution, and now to a finite resource requiring protection. Water plays an essential role
and position in the evolution of civilizations and the growth of urban environments [268].
Similarly, Brown et al. [182] discuss the transition of water in cities from a city that simply
supplies water to a ‘water sensitive city’ that contains adaptive and multi-functional infras-
tructure combined with equitable access and resilience to climate change. Urban metabolism
provides a means to identify sustainable practices outside the conversation of the role of cities
in sustainability [269]. To understand these city characteristics and their impact on urban
water metabolism, this study adopted and scaled strategies and models for predicting res-
idential water demand at the household level, treating the city as a distinct and unique
system.
Previous analyses from around the globe have attempted to quantify the fluxes of water
through cities and, therefore, quantify the physical aspects of urban water metabolism. Un-
derstanding and predicting the social and economic changes of urbanization and its affect on
nature and society is a global challenge [270]. There are commonalities of the social struc-
ture of urbanization across urban systems, with demographic and socioeconomic indicators
acting as scaling functions [271]. Urban water systems are large sociotechnical systems and
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complex adaptive systems [272], requiring an understanding of drivers that explain water use
for effective water management strategies [273]. One of the opportunities associated with
industrial ecology and urban metabolism is the ability to unravel the social, behavioral, and
policy drivers behind a city’s material substrate [143].
7.2 Modeling Socioeconomic Indicators
7.2.1 Selecting the Indicators
There are a variety of socioeconomic, environmental, or demographic indicators that per-
tain to cities. Maclaren [126] describes 12 necessary characteristics of an indicator for the
purposes of sustainability, which urban metabolism satisfies. In a recent study, Tanguay
et al. [274] identifies 29 important sustainability indicators. Using this list as a starting point,
these indicators were adapted for urban water flux and supplemented to define indicators
across four groups: (i) economic, (ii) social, (iii) environmental, and (iv) infrastructure.
1. Economic indicators included both the city as a whole in the form of per capita gross
domestic product (GDP), marginal cost of drinking water and wastewater resources,
and sectors of the city’s economy (i.e., industry, food, and lodging), as well as median
household income.
2. Social indicators were selected that contributed to an understanding of both house-
hold water use (size and age) and city-wide indicators, including political leaning and
median age. Political leaning is linked to energy conservation at both individual [275]
and state levels [276].
3. Environmental indicators provided an opportunity to place each city within its cor-
responding environment through an assessment of temperature, rainfall, and number
of rainy days.
4. Infrastructure networks are essential to understanding metabolic circulation and con-
stitute an important interface between nature and society [277]. Infrastructure net-
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works are the ‘functional lattice’ through which materials flow and the means through
which urban metabolism takes place [191, 278]. The size of the distribution/collection
system, non-revenue water, and urban density were three potential infrastructure in-
dicators of urban water flux.
Table 7.1 lists the indicators used in the study and their corresponding indicators for
household-scale water use. The juxtaposition of these two lists of indicators shows the
scaling intent of the study.
Table 7.1: Four categories of indicators for urban water demand were analyzed. The
equivalent indicators for household-scale water demand analysis were compared. A value of
‘-’ suggests a non-obvious comparison between the two scales.
Variable Type Urban Indicators Equivalent Household Indicators
Economic
Median Household Income Household Income
Per Capita GDP -
Marginal Pricing Marginal Pricing
Make Up of Economy -
Social
Median Household Size Size of Household
Political Leaning Political Leaning
Unemployment Percentage -
Median Age Average Age
Environmental
Rainfall Rainfall
Average Temperature Average Temperature
Number of Rainy Days Number of Rainy Days
Infrastructure
Miles of Pipe Size of Home
Non-Revenue Water Age of Home
Population Density Outdoor Area
7.2.2 Data Collection
Data for the regression model were collected from a variety of sources. Urban water flux
and its embedded energy are from the data collected in Chapters 3 and 4. These data
are predominantly for the year 2012, and the annual volumes of water and average annual
energy intensities were utilized. These data were obtained through open records requests
of utilities across the country. For the indicators, a majority of the social and economic
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data collected were from the United States Census Bureau either for the city proper or the
metropolitan statistical area as a whole [279]. Political leaning (either liberal or conservative)
is from a 2005 study [280]. While this survey was published seven years before the water
data, it was assumed that political leaning remained relatively static over this short time
period. For cities not included within the 2005 study, the political affiliation of the citiy’s
mayor for 2012 was assumed in its place. For the environmental factors of each city, the
year 2012 was utilized (a drought year for the Midwestern United States) to correspond
to water flux values. These environmental data were collected through historical weather
records [281]. Water price and length of pipe networks (drinking water and wastewater
networks) were obtained through individual utility websites. Pipe lengths were often found
in comprehensive annual financial reports (CAFR) or asset lists of cities or utilities.
7.2.3 Challenges of Data Collection
The process of data collection encountered several unique challenges within the context of
the broader goals of this dissertation. Throughout Chapters 3 through 6, a recurring theme
is the lack of data. Along a similar vein, data for indicators that accurately represent the
urban environment were difficult to obtain. For social and economic data, these challenges
were a result of obtaining city-level data as opposed to data from the broader metropolitan
statistical area (MSA); see Figure 5.1. Additionally, beyond accessibility, availability, and
communication challenges for water volume and energy data discussed in Chapter 3, obtain-
ing information related to a utility’s infrastructure was challenging. Specifically, non-revenue
water, while a common metric for understanding water loss, was not referenced on multiple
utilities’ websites, despite many searches. In assessing the length of pipe maintained by ei-
ther a drinking water or wastewater utility, there were varying degrees of availability. Some
utilities clearly stated their assets in terms of length of pipe on their websites, suggesting
a sense of pride in the amount of assets managed by the utility. Other utilies, however,
had these values within CAFRs or not available at all. In some cases, where the utility is
managed as part of the city, these values were a part of the larger city CAFR creating fur-
ther challenges. An additional problem of obtaining data from utilities was often outdated
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and confusing interfaces presented on their respective websites. These websites had minimal
information or information that was obscured through old interfaces with links that either
did not function or were unapparent.
7.3 Results
A linear regression model was chosen to characterize urban water flux and its embed-
ded energy. Five dependent variables were modeled in the study: (i) per capita drinking
water volume, (ii) per capita wastewater volume, (iii) drinking water energy intensity, (iv)
wastewater energy intensity, and (v) ratio of per capita drinking wastewater volume to per
capita drinking water volume. For each of the five dependent variables, subsets of the overall
indicators were selected. For instance, to model drinking water volumes, the length of pipes
in the wastewater system was not considered. Regression models were completed using the
statistical computing software R.
The results of the regression analyses provided some interesting correlations and insight
into the urban energy-water nexus. Table 7.2 details the magnitude and significance of
each variable in the multi-variate linear regression model. Overall, the regression models
had limited explanatory power of the variability in the urban energy-water nexus across the
United States, based on the multiple R-squared for each model. However, despite the lack
of explanatory power, there were some interesting correlations. The following sections break
down results by social, economic, environmental, and infrastructure indicators. Appendix
B includes relevant figures for testing regression assumption of multiple linear regression,
including normality, heteroskedasticity, and independence, as well as plots comparing pre-
dicted and observed values. A two-sided Durbin-Watson test confirmed zero autocorrelation
for all models. Variance inflation factors were computed to determine multicollinearity of the
model. The model that analyzed the ratio of wastewater effluent to drinking water demand

































































































































































































































































































































































































































































































































































































































































































































































































7.3.1 Social and Economic Indicators
In general, the selected social and economic indicators at the urban scale did not signif-
icantly explain the variability associated with urban water flux across the United States.
Surprisingly, despite many studies at the urban level, median household income was not
found to be a statistically relevant indicator. This finding suggests that the heterogeneity
within a city with respect to household income was more significant than status of wealth
between cities. Additionally, there was no statistical correlation associated with price or
economic diversity, indicating the complicated relationship between water resources and the
economic system. Interestingly, when per capita drinking water was used as an indicator
for per capita wastewater effluent, there was no statistical correlation. The lack of signifi-
cance could have a two-fold reason: (i) variations in outdoor water use, or (ii) the presence
of combined sewer systems. Finally, comparing embedded energy to service population for
both drinking water and wastewater utilities illustrates the minimal economies of scale asso-
ciated with water utilities. The lack of economies of scale was consistent with findings from
Chapter 4.
7.3.2 Environmental Indicators
Annual rainfall totals were the most significant indicators for both drinking water and
wastewater fluxes. As expected, there was a lower drinking water demand associated with
higher rainfall totals, most likely due to decreases in outdoor water use. Interestingly,
however, the number of days of rain (>0.25 cm) was not a significant indicator. This trend
continued to embedded energy in drinking water, where wetter climates tended towards lower
energy intensities. This inclination might be due to the prevalence of lower energy intensity
surface water resources, as opposed to groundwater resources, in wetter climates. While
annual rainfall was not a significant indicator of per capita wastewater flux, the prevalence
of combined sewer systems was a major indicator; see Figure 4.1.
The ratio of per capita wastewater effluent to drinking water demand represents the po-
tential for creating a circular use of water resources, based on available water volume. For
instance, a value of 0.90 suggests that 90% of a city’s drinking water demand could be sup-
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plied by wastewater effluent in the case of direct potable reuse (assuming no system losses
in the treatment process). Annual average temperature was a significant indicator of this
value across the United States. An increase in the average annual temperature by 1°C was
associated with a loss of available drinking water supply through wastewater by five per-
centage points. This association implies that warmer cities (or, potentially, warming cities
[246, 264]) have reduced potential for water reuse as a means of supplementing water supply
with current habits. Additionally, an increase in a city’s annual rainfall of 1 cm increases
the available drinking water supply through wastewater by one percentage point.
7.3.3 Infrastructure Indicators
This analysis focused on several infrastructure variables to explain the variability of the
urban-energy water nexus. Previous work has found that type of water source (surface or
groundwater) indicates the energy intensity of drinking water resources [282]. For drinking
water demand, non-revenue water was a significant indicator, where a one percentage point
increase in non-revenue water was associated with a nearly 11 liter per day increase in per
capita water consumption. Additionally, a dense distribution network (length of pipe per
person) tends towards a higher per capita water demand. The only statistically significant
indicator for wastewater volume was the presence of a combined sewer system. Interestingly,
length of pipe for both drinking water and wastewater systems was not an indicator of energy
intensity or water volume. As wastewater systems are largely gravity fed, a larger system
would logically not incur increased energy intensity. However, drinking water systems are
pressurized and often driven by a series of pumps. The pumping of water through a pipe
system or from a groundwater resource accounts for a majority of the electricity demand of
the water utility [109]. Additionally, urban form, considering the network structure of the
water distribution system, as well as leakage of pipes play important roles in determining
the energy intensity of moving drinking water to the consumer [283, 284]. The lack of
correlation of drinking water infrastructure size and energy intensity suggests an inability to
disaggregate nuances about the system from a top-down perspective.
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7.4 Discussion
Residential water use studies often focus on only one component of water use: drinking
water demand. Scaling these studies to the urban scale provided an opportunity to evaluate
indicators of the direct urban water cycle from an energy-water nexus perspective. This
study evaluated the ability to scale water demand models from a bottom-up method to a
top-down method. Using data from Chapters 3 and 4 on the urban energy-water nexus,
a selection of indicators from social, economic, environmental, and infrastructure sectors
were collected to explain some of the variability in water flux across the United States. In
general, the indicators selected within this study did not have large explanatory power of
the variability associated with the urban energy-water nexus. These results showcased the
importance of both bottom-up and top-down methodologies and their different strengths in
evaluating urban water resources. Additionally, minimal correlation by itself is an important
conclusion, showing that goals of conservation of urban water resources are not limited by
factors such as average age or income. Therefore, socioeconomic indicators are not necessarily
a barrier to improving water resources sustainability.
The results of this study are comparable to those found in Mann et al. [285], which
evaluated local government’s propensity to have a climate change action plan based on
various factors, including low income, proximity to risk, crime, and other factors. Through
their study of various local governments, they received similar non-correlations between their
suite of socioeconomic indicators and action on climate change. In their study, Mann et al.
[285] determined only one main factor being a cause for action, proximity to risk, leading to a
discussion of barriers to and opportunities for implementing climate action plans. Inversely,
however, a study in the United States indicated a clear spatial and statistical profile based
on certain socioeconomic factors, emissions, college educated, carbon-intensive industry, etc.
for municipalities that joined the Cities for Climate Protection (CCP) program [19]. Brody
et al. [19] cite high statistical corollaries between these factors and those that joined the
CCP program. However, it is worth noting that neither of these studies consider water
resource consumption within their factors. Therefore, those cities that take climate action
or participate in global programs are different than the cities included within in this study
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as no amount of existing policy was evaluated when selecting these cities.
The results of the model suggested that methods from residential-scale analysis do not
scale comparably to the urban level. Therefore, there are limits to the use of top-down urban
metabolism models in explaining some of the underlying drivers of material consumption.
Additionally, due to privacy and availability concerns for household-scale data, bottom-up
models are often not a widespread option for conducting research. In suggesting the limits
of urban metabolism models, it raises further questions on the balance of data and model
scale in urban environments. What scales (neighborhood, census tract, etc.) balance both
data availability, privacy, and model effectiveness to generate sufficient understanding of
socioeconomic drivers of the urban water cycle?
The understanding of the urban water cycle from a socioeconomic perspective and the
difficulties in obtaining data suggest a need of policy refocusing within goals of sustainabil-
ity. Much of the literature on green or sustainable cities focus on energy efficiency, carbon
emissions, the literal greening of cities, or social justice issues. However, relatively few
sustainability studies highlight the consumption and conservation of water resources as a
major focus of policy and innovation. Much work has been published on the competition
for a green city or ecocity from a sustainability governance framework [286–290]. This work
highlights city-level efforts from a policy standpoint to advertise themselves as a ‘green’ or
‘eco-friendly’ city to attract businesses, people, and a strong tax-payer foundation. However,
these efforts can lead to intra-city conflicts that arise from issues such as gentrification or
marginalization. These cities often focus on sustainable features that promote a positive
outside image while creating sustainability injustices within the city.
Policy directed towards water efficiency and conservation has the ability to ‘trickle-down’
or ‘permeate’ throughout all the citizens of the city due to its materiality. The physicality
or materiality of a water resource, even in its indirect form, creates the ability to participate
in water conservation efforts. The numbers associated with urban metabolism are relatively
meaningless without an understanding of the people behind the demand. These results, or
lack thereof, demonstrated the need for incorporating social sciences into an understand-
ing and quantification of the urban water cycle. Anthropogenic uses of water cannot solely
be quantified through engineering metrics and necessitate interdisciplinary work in under-
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standing public perceptions [291] and psychological drivers [292] of water use. Specifically,
the social sciences are necessary in assessing benchmarks of water use and sustainability
indicators, beyond engineering infrastructure assessments of the urban water cycle.
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CHAPTER 8
ENVISIONING THE BLUE CITY THROUGH
URBAN WATER GOVERNANCE AND OPEN DATA
. . . [D]ata sharing is not an end in itself, but a means to an end.
–R. Alan Cheville (2016) [293]
Urban water governance is a framework for addressing critical issues in cities’ water re-
sources by creating a more inclusive policy for sustainable transitions. The framework pro-
vides opportunities to advance and address problems or inequities within urban water. How-
ever, there are certain barriers or institutional inertia inherent in traditional urban water
systems with an infrastructure or technological approach to management. The traditional
urban water cycle considers drinking water supply, treatment, and distribution; wastewater
collection, treatment, and discharge; and stormwater management; see Figure 2.1. Each of
these components, with the exception of stormwater in many cases, requires some form of
embedded energy to treat and/or distribute. The required energy of drinking water is an
important component in the direct water cycle of urban environments (Chapters 3 and 4).
Beyond these direct water requirements there is water consumed along the supply chain of
materials imported into the urban environment, most notably food, fuel, and electricity [32],
often called a water footprint [33]. These embedded water resources often greatly exceed
direct water demands (Chapter 5), and, while not consumed locally, do provide an indica-
tion on the impact that cities have on regional or global water conservation efforts. Virtual
water flows are rarely included in decision making as an opportunity to expand a city’s water
supply, with engineered potable water supplies often being the focus [32].
To promote governance of the full urban water system, the following definition of the blue
city was proposed as a motivational moniker to consider the full urban water cycle:
This chapter was based on work submitted as: Chini, CM and Stillwell, AS (2018) Envisioning Blue Cities:
Urban Water Governance and Water Footprinting. Journal of Water Resources Planning and Management :
submitted
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A blue city promotes policy, public awareness, and economic efficiencies of water
resources to provide equitable, secure, and sustainable water systems. These
water systems consist of both direct water resources in the form of drinking
water, wastewater, and stormwater (and their embedded material requirements,
such as energy), while also considering water as an embedded resource in other
material fluxes (food, energy, and other materials). The blue city considers the
greater impacts of its water resource demands and how its citizens are provided
these resources, by way of energy and emissions, through an openness of data
and sharing of information.
Expanding the framework of urban water governance to promote both sustainable direct
and indirect water consumption is necessary for advancing urban environments in the face
of climate change and resource constraints. The term blue city is a motivational moniker
to address this need for urban environments to quantify, benchmark, and manage both
direct and indirect water resource consumption. Synthesis of results from sociotechnical
transitions, sustainable urban water governance, and water footprints provided opportunities
to advance the understanding of urban water consumption and define the blue city. This
chapter presents the concept of the blue city, defines its terminology, and describes one of
its main challenges: the need for open-access data to transition towards a sustainable water
governance system, considering both direct and indirect resources. Direct and indirect water
resources of the Boston Metropolitan Area (Massachusetts) were investigated to highlight
data and governance opportunities. The blue city moniker illuminates the urban water cycle
and provides opportunities for urban environments to make decisions to conserve water
resources more broadly. Figure 8.1 illustrates the various components of urban water as
part of the blue city. Direct and indirect water are imported into the urban environment
with wastewater and virtual water discharges leaving the city. Both direct and indirect
water have opportunities for internal reuse. Energy is directly required within the urban
environment to facilitate direct water fluxes.
As part of sustainable water management, there is an increasing body of literature sug-
gesting a necessary transition in urban water governance to a new sociotechnical regime,
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while questioning whether the current sociotechnical regime of water management is able to
respond to new challenges [38, 150, 182, 294–296]. The term governance is broadly defined
as a set of collective actions towards a common goal [154], which includes all social, politi-
cal, and economic actors related to the system [39]. In regards to urban water governance,
this common goal is often the transition to a ‘water sensitive’ [182] or sustainable city, as
sustainability often plays a large role in governance issues [297]. However, these governance
issues and discussions are generally focused on direct or physical water resources and their
systems, while not considering indirect water demands or the resource demands necessary for
urban water. Therefore, there is a need to include the water footprint concept in urban wa-
ter governance transitions. Water footprints illustrate the global dimensions of consumption


























Figure 8.1: The full urban water system includes direct and indirect fluxes of water
resources. Energy is required to facilitate flows of direct water resources.
“Business-as-usual” is no longer a sufficient means of urban water governance [300]. Water
management and water conservation have become complex sociotechnical systems [35, 36],
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requiring sustainable governance systems to incorporate all social actors and integrate across
geographical scales [1]. A shift beyond direct water resources to indirect resources further
expands the actors of the sociotechnical system. Urban water governance studies exam-
ine change to the broad socioinstitutional and sociotechnical regime of the current status
quo of urban water systems. These water systems require a shift to a more flexible and
sustainability policy and emphasize interactions across the various structures and processes
[37, 38]. Similar strategies for sociotechnical regime shifts offer opportunities to broaden the
spectrum of urban water governance. The existing literature widely cites transparency and
accountability in the form of information and knowledge as essential pillars in sustainable
urban water governance [39–42]. While data sharing is not an end in itself [293] and data,
by themselves, are not necessarily informative [42, 301, 302], data collection, reporting, and
analysis can facilitate or enable sustainability transitions that aid multi-level participation,
while capturing the current physical or technical state of the system. Open data provide a
key translation between environmental science/engineering and policy, linking quantitative
and qualitative evaluation of systems. The necessary transition to sustainable urban water
governance of direct and indirect water resources requires contribution of data from multiple
actors across the private, public, and academic sectors. Collaboration and data sharing are
important initiatives to better understand and manage urban water resources to facilitate a
transition to the blue city.
8.1 Direct Water Footprints of Cities
The Massachusetts Water Resources Authority (MWRA) is the regional water authority
for the Boston Metropolitan Area. Through data collection efforts in Chapters 3 and 4, the
availability and accessibility of data for MWRA was identified as some of the best in the
nation. Data for MWRA came from a combination of online published resources and open
records requests. Monthly drinking water demand data were available from from 1984–2016,
monthly embedded energy data for drinking water resources were available from 1998–2015,
and annual climate emissions estimates were available from 2006–2015. The level of energy-
water nexus data provided enabled observation of trends over time, coinciding with policy
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implementation and governance changes.
MWRA is a public water utility that services 2.5 million people, including Boston, in
eastern and central Massachusetts [303]. MWRA offers water services to 51 drinking water
and 43 sewerage communities with an average drinking water demand of 215 million gallons
(814,000 m3) per day and wastewater treatment of 350 million gallons (1.3 million m3) per
day (Figure 8.2). The MWRA system includes a series of aqueducts and two protected
reservoirs. The current primary drinking water treatment plant that serves the majority
of the MWRA communities uses ozone disinfection processes. A second drinking water
treatment plant serves a few outlying communities using chlorine disinfection processes.
The MWRA operates a treatment plant fed by a both combined and separate sewers with
mainly gravity flow connecting two million sewer users. The effluent is discharged at depths
up to 120 feet into Massachusetts Bay to ensure mixing and dilution. Sludge from the
treatment facility is dewatered and dried for use as fertilizer in agriculture and forestry.
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Figure 8.2: MWRA provides drinking water and wastewater portion to the major
metropolitan area of Boston, MA (adapted from [303]).
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To evaluate the use of data collection and synthesis for sustainable governance strate-
gies for MWRA, interview questions were presented to a representative of the organization.
These questions targeted the motivation of data collection, impact of the data on policy and
operations, and education of the public through data collection. The interview process and
questions were approved by the University of Illinois’ Institutional Review Board.
8.1.1 Data Collection and Motivation
“You cannot manage what you do not measure.” This statement succinctly summa-
rizes the viewpoint of data within MWRA. Data are collected and organized for four main
purposes within the organization: (1) evaluation, (2) efficiency, (3) transparency, and (4)
communication.
1. Data collection and organization are necessary for internal evaluation of various
efficiency and green energy production efforts, which contribute to sustainable urban
water management. MWRA catalogued data for evaluation of various sustainability
efforts that are tested.
2. MWRA organized data to look for trends and possible future initiatives for efficiency
and sustainability.
3. Both community-level and state-level organizations have requested greenhouse gas
numbers, computed (in part) through accounting of water and energy flows. To pro-
vide a level of transparency to the operations, these tallies were computed and made
available to the public, when requested.
4. MWRA stressed the importance of communication with the public as a significant
consideration for consolidating data. The tabulated information allowed for success
metrics to be discussed as part of MWRA’s broader environmental mission, beyond
safe drinking water and responsible wastewater treatment.
Data available for MWRA included both water volume, energy demand, and greenhouse
gas emissions data. These time series data were plotted for drinking water as an example
96
to show distinct trends and a coupling of resource trends, Figure 8.3. Overall, a decreas-
ing trend of drinking water production was observable, with some intra-annual seasonality.
Additionally, there was a visible increase of electricity for drinking water resources in the
middle of 2005. This spike was a result of bringing online a new drinking water treatment
plant that utilizes ozone treatment. Ozone treatment has a greater energy demand than the
previous MWRA treatment system. The organization of the energy data was an important
component in the calculation of the greenhouse gas (GHG) emissions. The reported annual
emissions were relatively constant with a slightly negative trend.






























































































Long Term Water Trend
Recent Electricity Trend
Figure 8.3: Accounting for season variability, there was a long-term trend of decreasing
drinking water production and a recent trend of decreasing electricity-for-water.
8.1.2 Learning from the Data
There are many groups within MWRA that use these data to analyze individual pro-
grams, look for new opportunities, and consistently and efficiently respond to public data
requests. These data are also shared externally to the MWRA. Data are shared with the
Massachusetts Department of Environmental Protection, Massachusetts Executive Office
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of Energy and Environment, and the City of Boston Environment Department on both a
regulatory and less formal basis. Additionally, data are provided to smaller communities
within the service area by request. Importantly, data for wastewater are exchanged with the
U.S. Environmental Protection Agency in relation to the Boston Harbor National Pollutant
Discharge Elimination System (NPDES) permit. This vertical transfer of data including fed-
eral, state, regional, and local authorities of water volume and embedded energy promotes
a culture of resource awareness that is essential in transitioning to sustainable urban water
governance.
As part of this overall data collection process, MWRA has noticed several anomalies in
the data over time that are often the result of recording errors. Sometimes, however, these
anomalies are a signal of change that raises important questions about energy usage and
departmental programs. One such departmental program is the advancement of renewable
energy integration within the MWRA energy demand. A ten-year program from 2002-2011
resulted in efficiency increases and cost savings from implementing renewable energy. These
renewable energy initiatives include constructing photovoltaic solar panels and wind turbines
on site, energy recovery from wastewater treatment, and importing external electricity from
renewable sources. These programs are a direct result of tracking energy and water resources
through data collection and discovering long-term trends. The prerogative of MWRA to
understand both water volume and required energy is an important facet of their decision-
making and is facilitated through data collection. Collection of and learning from urban
water data by MWRA provided opportunities for transitions in urban water governance
towards a blue city.
8.2 Indirect Water
Water footprints, or indirect water, emphasize a city’s dependence on distant water re-
sources [304]. A majority of the U.S. population lives in cities, where most water-related
decisions are also made [11, 36, 305, 306]. Conversely to direct water resources, indirect
water does not have a regional or local management authority. Instead, water footprints are
indirectly managed through resource conservation efforts by various social groups, munic-
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ipal governments, and the manufacturing and retail sectors. Governance of indirect water
resources, therefore, necessitates an understanding of the sociotechnical system as a whole
with its variety of actors. These various social actors that would be part of a governance
system require a robust and understandable level of data and information to inform actions
with respect to indirect water. The water footprint concept was originally intended as a
means of identifying global water consumption trends [307]. Applying water footprints to
cities incorporates the global dimension of water into governance regimes. Cities have the
capacity and autonomy to organize, take initiative, and take action, which makes the urban
water footprint concept particularly intriguing [32]. To demonstrate the possibilities of data
in enabling a transition to the blue city, the study focused on the Boston Metropolitan Area.
The data motivations identified for direct water provide the basis for analysis and discussion
of the data necessary for implementing urban water governance systems for indirect water.
8.2.1 Data Collection and Motivation
Applying water footprints to the city level is a relatively new assessment approach, with
much of the research occurring in the past decade [32, 71, 308–314]. It is not sufficient to
simply downscale water footprints from a national or regional scale based solely on popula-
tion to determine urban water footprints [310, 315]. However, data necessary for computing
subnational water footprints are often scarce. Within the United States, the predominant
method of assessing urban water footprints is through the Commodity Flow Survey or Freight
Analysis Framework [194, 233]. These similar databases estimate flows of goods through
macroeconomic analysis at the metropolitan statistical area (a grouping of counties or sub-
urbs around a major city). The material flow data are then paired with estimates of virtual
water content [67, 219, 220]. However, these economic data are not generally at a geographic
scale congruent with political or utility boundaries. Returning to the four purposes of data
collection and analysis from direct water management provides a good starting point to
motivate urban data collection for indirect water analysis.
1. Evaluation: Developing a data system to evaluate water footprints has implications
beyond indirect water and can aid in urban metabolism studies [e.g. 125] or evalu-
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ating carbon footprints. An important contribution of data evaluation would be the
identification of changes over time.
2. Efficiency: Translating water efficiency into urban water footprints involves first cre-
ating an understanding of material origin. The water required for the production
of commodities varies across the globe and the impact of the consumed water varies
based on water scarcity [316, 317]. A city can help increase efficiency and reduce water
stress through importing commodities from water efficient locations with sustainable
management techniques.
3. Transparency: As there is no single entity responsible for managing indirect water
resources and the private sector would be a major component of the data collection pro-
cess. Transparency and privacy could be major concerns in creating a better database
for urban water footprinting.
4. Communication: An important component of sustainable urban water governance
data for water footprints can help in communication efforts to change diets [e.g. 309,
318] and influence patterns of consumption.
The current state of data collection used for urban water footprinting is at the federal level
using macroeconomic methods. While these data provide an estimate, data are prepared
every five years and exist at geographical boundaries that are often greater than municipal
or utility jurisdictions. These data, however, are important in advancing sustainable policy
and governance regimes that recognize a city’s role in the larger global water cycle. An
improved understanding of water footprinting requires open data at the city level to facil-
itate evaluation, efficiency, transparency, and communication for sustainable urban water
management.
8.2.2 Learning from the Data
The Boston Metropolitan Area has been included in two recent water footprint studies
[Chapter 5, 313]. Chapter 5 estimated the per capita water footprint of Boston area residents
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to be approximately 1500 m3/year. This water footprint assessment included food, fuel, and
electricity imports. Over 80% of this water footprint was attributed to food, 15% to fuel,
and the remainder to electricity imports. Ahams et al. [313] found a similar water footprint
of approximately 1,470 m3/person/year when including industrial demand and excluding
electricity imports. For comparison the cities of Milan, Italy and New York City, NY, USA
are estimated to have water footprints of 2,200 m3/person/year and 2,600 m3/person/year,
both less than the U.S. average of 5,000 m3/person/year [309, Chapter 5] . These indepen-
dent assessments of the Boston Metropolitan Area show a comparably low water footprint.
However, these estimates are static, both for the year 2012, and, therefore, do not provide
insight into trends over time.
There are currently no directives from the City of Boston that directly reference water
footprints. However, the City of Boston has implemented a zero-waste policy that emphasizes
the circular economy, while engaging community, industry, businesses, and advocacy groups
[319]. This directive has implications in reducing food and other material waste that will
affect the urban water footprint. Therefore, there are opportunities to approach urban
water governance of indirect water resources through other policies. Beyond zero-waste
approaches, cities could identify origins of materials, which informs the embedded water
within the resource and the relative scarcity and impact the commodity’s production on
the local environment. Additionally, Boyer and Ramaswami [320] further the role of the
city in indirect water resource management, by modeling city-level actions and initiatives
on food systems, with the city as part of a larger transboundary system. The analysis
revealed significant savings to water resources, among other embedded resources, comparable
to savings on production. Collecting data required for water footprint analysis can both aid
a zero-waste policy and provide opportunities for further governance transitions with respect
to indirect water resources at the urban level.
8.3 Achieving Blue Cities
Brown and Farrelly [185] discuss several distinct barrier types to achieving sustainable
urban water governance, including lack of information, poor communication, no long-term
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strategy, and little to no monitoring and evaluation. Through open data within the energy-
water nexus, MWRA attempts to overcome each of these institutional barriers. Information
is obtained through organization of open data with long-term goals of evaluating efficiency.
Additionally, MWRA utilizes the data to maintain transparency and facilitate communica-
tion with various stakeholders. The open information collected by MWRA facilitates adap-
tive management and comprehensive understanding [150] and sustainable water governance
by considering the continual changes of the system [39]. Additionally, open data techniques,
such as those employed by MWRA, create opportunities for continuous learning and innova-
tive water management to promote governance transitions in urban areas around the globe
[42, 321]. Extending these open data techniques to include indirect water resources for the
computation of urban water footprints will enable communication and improve monitoring
and evaluation of water resources beyond the boundary of the city.
Ensuring that the full urban water cycle is considered in urban water governance transi-
tions is an important step in promoting sustainable urban environments across city sectors
and achieving blue cities. The collection, organization, and openness of data facilitate future
studies and assessments. For instance, cataloging energy data is an essential component
of delivering accurate assessments of greenhouse gas emissions, while also being integral to
promoting resilient direct water systems [106]. Electricity demand at MWRA corresponds
to about 37% of total tabulated emissions. Therefore, understanding the dynamics of the
energy-water nexus at a utility level provides an important component of climate account-
ability. Recently, the State of Massachusetts Executive Office of Energy and Environmental
Affairs [322] completed a pilot study designed to reduce emissions of greenhouse gases and
energy for drinking water and wastewater utilities by 20%. These integrative data collection
efforts promote long-term strategies and efficiency consistent with goals of sustainable urban
water governance. Beyond energy consumption, accounting for other materials consumed
within the urban environment has implications not just for water footprinting, but also for
economic growth and social equity.
Additionally, there was evidence of public participation through data collection within
MWRA, with one of the goals of data organization being communication with stakehold-
ers about successes and advances of the institution. Public participation may take several
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forms from information supply to stakeholder-governmental collaboration [323]. A program
within MWRA to facilitate stakeholder communication and engagement is the Water Sup-
ply Citizens Advisory Committee, which provides community input to the operations of
MWRA. The management and data sharing structure of MWRA facilitates both horizontal
and vertical integration of stakeholders, which is essential for sustainable water governance.
For indirect water resources, public and private participation are essential as there is no
centralized governing body. Instead, open access data could enable communication across
sectors and with the public to facilitate best practices and advance an understanding of
water footprinting and impacts on source water resources.
A lack of information and knowledge is one of twelve barriers to urban water governance
transitions mentioned by Brown and Farrelly [185]. Water governance, therefore, requires a
more comprehensive data set to facilitate information and knowledge growth. Urban data
do not simply consist of water flow rates associated with drinking water and wastewater
treatment. Both embedded energy and indirect water resources are included as critical data
needs in facilitating discussions of a more comprehensive urban water governance system.
New conceptual frameworks that are informed by total urban water and energy balances are
important for analyzing and monitoring cities and their sustainability [324]. Cities must not
only continue to operate within their local water, energy, and carbon budgets [325], but have
a responsibility to consider their regional and global impacts on water resources as urban
growth continues around the world.
8.4 Summary
Data for drinking water and wastewater treatment plants are scattered and have acces-
sibility and availability constraints (Chapter 3). Open data provide an important basis for
assessing the urban energy-water nexus (Chapter 4) and advancing sustainable governance
practices. Through a study of the MWRA, this chapter discussed the internal prerogatives
of a major drinking water and wastewater utility as they pertain to data. The MWRA’s
attitude of data organization for the purposes of efficiency, transparency, and communication
facilitates a wide range of social actors to become involved within the governance of water
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resources. Through their data goals, MWRA was able to achieve greater transparency and
accountability, which are important foundational elements in transitioning to sustainable
urban water governance.
While data for direct water are scattered, they are at least generally tabulated in some
form for internal accountability purposes. Data for water footprints are even more scarce,
requiring a governance shift in the understanding of the urban water system. To begin track-
ing urban water footprints and develop governance strategies, there is a need for recognition
that the full urban water system consists not only of direct water resources, but also regional
and global indirect water resources through the consumption of food, fuel, electricity, and
other products. This transition requires collaboration across academic, municipal, and pri-
vate sectors to facilitate a knowledge exchange and advance policy efforts. From an academic
perspective, most water footprint analyses do not consider the broader institutional or social
processes that influence and interact with the flows of water [326]. City governments and
the private sector can work together to develop consumption estimates that facilitate deeper
understanding of urban water demand. These efforts in water footprinting, open data, and
direct water accounting enable transitions in governance and policy generation to develop
sustainable urban water systems for both direct and indirect water resources, advancing
towards the blue city.
Sustainable transitions in the water sector are not inevitable and must utilize interdisci-
plinary perspectives [153]. Sustainable urban water management and governance requires a
feedback cycle that is predicated upon data and analysis [170, 182]. To advance urban water
transitions, data collection from utilities, the private sector, and public entities are necessary
in overcoming institutional inertia, expanding the understanding of the urban water system,
and advancing the governance of water resources towards a blue city. Finally, this level of
open data sharing has potential to facilitate further scientific research and learning, which




Blue cities rely upon an enhanced understanding and view of the urban water cycle. There
is a need for increased data collection and publicly available data to support this enhanced
understanding of the urban water cycle. This dissertation utilized concepts of the food-
energy-water nexus, urban metabolism, and urban water governance to provide a deeper
level of knowledge related to the urban water cycle, including both its direct and indirect
water components. As part of this dussertation, five research questions were proposed and
evaluated. Answering these questions provided a clear path forward for advancing blue cities :
increased open data are needed to facilitate benchmarking and urban water governance.
From the five research questions in Chapter 1, the following conclusions were drawn:
1. What data are required to describe the urban water cycle and where can
they be found?
The non-standard processes of data collection across multiple utilities did not enable
efficient collection of data for the purposes of comparison. Non-standard data collection
and often less-than-efficient organization of the data hindered decision-making at the
systems level considering water resources and energy for water. This widespread prob-
lem opens opportunities for targeted policy and the use of data management software.
Policy at the state or national level could create standards for utility data collection
and encourage utilities to better manage the data collection process and report data
publicly. The efficient collection and organization of data enable a greater understand-
ing of the system and allow for targeted improvements to upgrade the sustainability
and resilience of the system.
2. What is the current state of U.S. urban energy-water nexus?
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Anthropogenic water consumption occupies a central component of the global wa-
ter system [203, 204], especially considering the large human impact in urban areas.
Chapter 4 particularly emphasized the relationship of urban water flux and its embed-
ded energy, both primary and secondary energy sources, finding that energy use for
wastewater and drinking water resources equated to 1% of the total generated elec-
tricity in the United States. Additionally, non-revenue water loss equaled 15.7% of
total treated drinking water across the United States, with enough embedded energy
to power 300,000 average U.S. homes, annually. It is necessary to continue data col-
lection efforts at a utility level with open access data. There are significant future
opportunities for sustainability and resilience studies and initiatives associated with
holistic, national analyses of urban water and embedded energy. Expansion of collected
data could include on-site electricity generation through biogas turbines, solar panels,
or alternative energy sources.
3. How do the direct and indirect components of the urban water cycle com-
pare across U.S. cities?
Indirect water, comprised of virtual water and water-for-energy, dominated the urban
water cycle on a per capita basis. On average, indirect water was an order of magnitude
greater than direct water consumption. Additionally, indirect water imports associated
with food and fuel were the major components of overall indirect water. Understanding
indirect water and its sourcing is essential for detecting vulnerabilities in the urban
water supply [71, 231]. The results of Chapter 5 further supported the need for indirect
water calculations to be included in urban water accounting and policy considerations.
4. How has the material demand of cities changed over the past 50 years and
what data exist to quantify this change?
In what has been widely cited as the seminal study in urban metabolism, Wolman
[122] defines the material consumption of a typical U.S. city of one million people.
However, since that time, urban metabolism studies have rarely returned their focus
back to the United States. With a need to assess resource sustainability in the face
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of climate change and localized sustainability initiatives, there are opportunities to
provide quantitative assessments of cities and their impacts on the surrounding envi-
ronment through urban metabolism. The potential for urban metabolism lies within
its diversity and adaptable approach to understanding a city [232]. Chapter 6 further
showed the dominance and subsequent importance of water resources in the urban
environment. Additionally, there is a distinct need to promote data collection efforts
that refine the understanding of urban material demands to promote sustainable policy
and consumption habits.
5. How do social, economic, environmental, and infrastructure factors indicate
the use of urban water resources?
Throughout Chapters 4 through 6, the identification of material demands from a top-
down perspective were promoted. However, it is necessary to consider these material
demands within the context of the urban sociotechnical and socioecological systems.
The numbers are not the whole story; the story includes the human component and
the demand, behaviors, and waste that people generate. Chapter 7 demonstrated the
limits of utilizing a top-down urban metabolism in defining the city and its drivers
of growth and material demands. As a bottom-up approach that collects data at the
household scale has both privacy and availability concerns, it is necessary to identify
appropriate scales for understanding the social dimensions of material demands. What
scales (neighborhood, census tract, etc.) balance both data availability, privacy, and
model effectiveness to generate sufficient understanding of socioeconomic drivers of the
urban water cycle? Importantly, the limits of this research promoted the necessary role
of social sciences in engineering and the urban water cycle.
Sustainable transitions in the water sector are not inevitable and must utilize interdisci-
plinary perspectives [153]. To that end, this dissertation incorporated a wide spectrum of
fields to identify and define key components of the urban water cycle. Sustainable urban
water management and governance requires a feedback cycle that is predicated upon data
and analysis [170, 182]. To advance urban water transitions, data collection from utilities,
the private sector, and public entities can help overcome institutional inertia, expand the
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understanding of the urban water system, and promote sustainable governance of water re-
sources towards a blue city. The energy crisis of the 1970s was the impetus behind creating
the EIA. What water crisis beyond those in Flint, MI [329] or in Toledo, OH [330] are neces-
sary to spur national response to water data availability [331]? Increased levels of open data
have the potential to facilitate further scientific research and learning, central components
of sustainable development goals at local and global scales [327, 328].
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[297] René Kemp, Saeed Parto, and Robert B Gibson. Governance for sustainable develop-
ment: Moving from theory to practice. International Journal of Sustainable Develop-
ment, 8(1-2):12–30, 2005.
[298] Alessandro Galli, Thomas Wiedmann, Ertug Ercin, Doris Knoblauch, Brad Ewing,
and Stefan Giljum. Integrating ecological, carbon and water footprint into a “footprint
family” of indicators: Definition and role in tracking human pressure on the planet.
Ecological indicators, 16:100–112, 2012.
[299] Davy Vanham and Giovanni Bidoglio. A review on the indicator water footprint for
the EU28. Ecological Indicators, 26:61–75, 2013.
[300] Asit K Biswas and Cecilia Tortajada. Future water governance: problems and perspec-
tives. International Journal of Water Resources Development, 26(2):129–139, 2010.
[301] Chaim Zins. Conceptual approaches for defining data, information, and knowledge.
Journal of the Association for Information Science and Technology, 58(4):479–493,
2007.
[302] Jennifer Rowley. The wisdom hierarchy: representations of the DIKW hierarchy. Jour-
nal of Information Science, 33(2):163–180, 2007.
[303] Massachusetts Water Resources Authority (MWRA), 2017. URL www.mwra.com.
[304] Carle Folke, Asa Jansson, Jonas Larsson, and Robert Costanza. Ecosystem appropri-
ation by cities. Ambio, 25(3), 1997.
[305] Farhat Chowdhury, Christopher Lant, and Benedykt Dziegielewski. A century of water
supply expansion for ten US cities. Applied Geography, 45:58–76, 2013.
[306] Janet G Hering, T David Waite, Richard G Luthy, Jorg E Drewes, and David L Sedlak.
A changing framework for urban water systems. Environmental Science & Technology,
(19):10721–10726, 2013.
[307] Arjen Ysbert Hoekstra. Human appropriation of natural capital: A comparison of
ecological footprint and water footprint analysis. Ecological economics, 68(7):1963–
1974, 2009.
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To request data from cities, the following letter was sent to each utility:
“My name is Christopher Chini and I am a graduate student at the University of Illinois
at Urbana-Champaign in the Department of Civil and Environmental Engineering. I am
writing to formally request data related to the . Specifically, I am looking to obtain
data from the drinking water and wastewater processes for the City of .
My research involves the study of the urban water cycle. As part of this, I am gathering
water and wastewater data from several cities across the United States for comparisons. I
hope to include data from the City of as part of the study. I would like to get data at
a daily time step for both water treatment and distribution as well as wastewater collection
and treatment. This data would ideally include daily operational data for both of these
processes, including:
 Treated Flow (gallons)
 Electricity Consumption (kWh)
 Natural Gas Use (therms)
 Bio Gas Generation (if applicable)
This data will be analyzed to determine the relationship between water and energy in the
water and wastewater sectors. If daily data is not available, weekly or monthly data would
be beneficial in my study as a substitute. I am specifically looking for the year 2012.
Additionally, I need an estimate of the total population that this data serves. Thank you
very much for reading my request. I appreciate your time. If you have any questions, please
do not hesitate to contact me via my information, below.”
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APPENDIX B
EVALUATING THE INDICATOR MODELS OF
URBAN ENERGY AND WATER
This appendix provides supporting figures for Chapter 7. Figures presented in this ap-
pendix include a comparison of predicted versus observed values (Figure B.1), Q-Q plots for
normality of residuals (Figure B.2), and a visual display of residuals for testing heteroskedas-
ticity. Figures B.3, B.4, B.5, and B.6 show the residuals for each of the independent variables
that were determined to be statistically significant (p< 0.10) from the models in Chapter
7. In the case of the wastewater effluent model, no residual plot was included as the only
statistically significant variable determined was the presence of a combined sewer system
(yes or no).
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Figure B.1: Plotting the predicted values from the linear models against the observed
dependent variables shows the limited explanatory power of the model.
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Figure B.2: The Q-Q plots of residuals show skew for the higher and lower extremes.
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Figure B.3: There were four statistically significant variables associated with determining
per capita drinking water demand with varying degrees of heteroskedasticity.












Figure B.4: Rainfall was the only statistically significant variable for drinking water
embedded energy and had relatively constant spread of residuals.
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Figure B.5: Similarly to drinking water embedded energy, the embedded energy of
wastewater resources was statistically dependent upon annual rainfall totals.
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Figure B.6: Average temperature and annual rainfall totals had the most explanatory
power in assessing the ratio of wastewater discharge to drinking water demand.
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